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ABSTRACT 
ANALYSIS OF THE GOULDSBORO PLUTON AND THE FEHR GRANITE: 
UNDERSTANDING THE SCALES OF MAGMATIC PROCESS AND PARTIAL 
MELT GENERATION FROM THE DEEP TO SHALLOW CRUST 
 
SEPTEMBER 2010 
GEORGE CHRISTOPHER KOTEAS, B.A., COLLEGE OF WILLIAM AND MARY 
M.S., VANDERBILT UNIVERSITY 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by Professors Sheila J. Seaman and Michael L. Williams 
 
 The heterogeneity of the continental crust has a first order control on the 
dynamics of plate tectonic processes and the compositions of the Earth in both time and 
space.  Heterogeneity can be characterized at a variety of scales and in a multitude of 
tectonic environments, but it is the links between seemingly disparate tectonic settings 
and crustal levels that are critical in understanding construction of the continents.  The 
focus of this dissertation work is to apply microtextural, microgeochemical, whole rock 
geochemical and traditional petrographic techniques to study features in both deep and 
shallow crustal igneous rocks.  The goal of these efforts is to better understand the roles 
that magmatic processes, mafic-felsic magma interaction, and partial melting have on the 
evolution of continental crust.  Two principal field areas were selected, the Gouldsboro 
pluton in coastal Maine and the Fehr granite in northern Saskatchewan, Canada, because 
they each represent end-members of the processes involved with the generation, 
vii 
 
modification, transport, and emplacement of magmas that build continental crust.  
Evidence for bimodal magmatism preserved in the Silurian age Gouldsboro pluton has 
led to a refined model for the construction of shallow crustal magma chambers.  Research 
efforts focused on the Neoarchean Fehr granite and Paleoproterozoic Chipman dike 
swarm have contributed to the current understanding of the links between high 
temperature metamorphism (migmitization) and the production of new felsic magmas as 
well as the rheological and chemical influences of mafic-felsic magma interaction in the 
deep crust.  The results of these combined field and laboratory efforts have demonstrated 
the important role of mafic-felsic magma interaction on the strength and composition of 
both deep and shallow continental crust and have contributed to the current understanding 
of the complex links between deep crustal heterogeneity and bimodal magmatism at 
shallow crustal levels. 
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CHAPTER 1 
INTRODUCTION 
1.1 Introduction 
 The construction of the continental crust is a dynamic process that involves the 
generation, storage, mobilization, emplacement, and subsequent modification of magmas 
and rocks at many different levels of the crust and in many different tectonic settings.  
While volcanic edifices are commonly the most striking expression of these processes in 
tectonically active landscapes such as the Cascades of the Pacific Northwest or the Andes 
in South America, it is the preserved remains of the plumbing systems underneath ancient 
structures that provide many of the most important clues about the mechanisms that 
create continental crust. Some of the most critical processes in the growth and 
modification of continental crust, in space and time, are related to the evolution of felsic 
magmas in terms of each 1) igneous crystallization processes, 2) chemical and 
mechanical interaction with host rocks, 3) modification by metamorphism or 
metasomatism, and 4) mingling between mafic magmas.  The character of felsic magmas 
and their interaction with their surroundings have a first order control on the rheology of 
continental crust, which in turn has a major control on the localization of strain in 
extensional or compressional settings, the efficiency of heat and material transport, and 
rates and scales of compositional evolution of mafic and felsic magmas. 
 Observations of bimodal magmatism (i.e. mafic-felsic magma mingling) in the 
middle and shallow crust have been documented in many different tectonic settings and 
at many different periods of Earth history (e.g. Holmes, 1931; Wager and Bailey, 1953; 
Chapman, 1962; Sparks and Sigurdsson, 1977; Sparks and Marshall, 1986; Huppert and 
Sparks, 1988; Seaman and Ramsey, 1992; Wiebe, 1993 and 1994; Janousek et al., 2004; 
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Harper et al; 2005). The transport of magma through the crust column has also been well 
studied in terms of dikes (Petford, 1996; Rushmer and Klepeis, 2003) and shear zones 
(Hollister and Crawford, 1986; Weinberg et al., 2009) as has lateral flow in the crust 
(Beaumont et al., 2001; Hodges et al., 2001; Williams and Jiang, 2005).  The role of 
magmatism as an important control on crustal strength in the deep crust has been 
recognized in locations such as the Athabasca granulite terrane (Flowers et al., 2006) and 
New Zealand (Klepeis et al., 2003).  The rheological influence of magmatism in the 
middle and shallow crust has also been discussed for regions such as the Sierra Nevada 
(Miller et al., 2009), Colorado River extensional Corridor (Metcalf, 2004), the coastal 
Maine magmatic province (Hogan and Sinha, 1989), and experimental studies (Gerbi et 
al., 2004). Nevertheless, there are a number of fundamental questions that remain about 
crustal heterogeneity at all crustal levels, especially the compositional and rheological 
influences of mafic-felsic magma interaction.  These questions include: What are the 
mechanical effects of mafic injections into shallow crustal felsic magma systems and how 
might this alter magma chamber longevity and stability? How do the presence of felsic 
materials and interaction of felsic and mafic magmas in the deep crust influence strain 
localization and crustal composition? What are the chemical and mechanical similarities 
and dissimilarities between bimodalism in exposures of the relatively accessible shallow 
crust and relatively inaccessible deep crust?  What are the signatures of bimodalism in the 
deep crust that might be identified at higher crustal levels and can these be distinguished 
from signals of assimilation such as those identified by DePaolo and others (1992) or 
Annen and others (2006)?  To make inroads on questions such as these it is important to 
study crustal environments that represent crustal end-members that have experienced the 
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interaction of magmas of contrasting composition. 
 This research is focused on the structural and petrologic influences of bimodalism 
in both the deep and shallow crust. The study of the Fehr granite and Fehr granite – 
Chipman mafic dike interaction in the deep crustal Athabasca granulite terrane, northern 
Saskatchewan, Canada is after the work of Mahan and Williams (2005), Williams and 
Hanmer (2006), Flowers and others (2006a,b), and Dumond and others (2010).  This 
work focuses on the migmitization of the Fehr granite and subsequent mafic magma-
felsic partial melt interaction during emplacement of the Paleoproterozoic Chipman dike 
swarm. Research on the Siluro-Devonian Gouldsboro pluton in the coastal Maine 
magmatic province, Maine is after work in the region by Chapman (1962), Hogan and 
Sinha (1989), Hill and Abbot (1989), Chapman and Rhodes (1992), Seaman and Ramsey 
(1992), Wiebe and Ulrich (1997), Wiebe and Adams (1997) and Wiebe and others 
(2004). Work in Maine examines the construction of the bimodal Gouldsboro pluton 
during Acadian orogenesis. The Athabasca Granulite Terrane and coastal Maine 
magmatic province aare both excellent field laboratories to study the mechanical and 
chemical effects of bimodalism under high pressure-temperature conditions and a 
hypabyssal setting, respectively. 
 Exposure of the Fehr granite and Chipman dike swarm, which represent a section 
of rapidly exhumed (Harley et al., 1989) continental lower crust (~40 km paleodepths; 
Mahan and Williams, 2005) in the Athabasca granulite terrane provide the opportunity to 
assess processes leading to compositional heterogeneity of the lower crust in-situ.  
Similarly, the Gouldsboro pluton in coastal Maine offers the opportunity to examine 
evidence of mafic-felsic magma mingling immediately beneath an ancient volcanic 
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edifice.  Evidence from both deep and shallow crustal environments reveals that mafic-
felsic magma mingling leads to an incredibly dynamic environment, which significantly 
influences the textures and compositions of the resulting hybrid rocks. 
 
1.2 Purpose and Scientific Approach 
 The goal of the studies involved with this project was to develop an improved 
understanding of the effects of mafic-felsic magma interaction on magmatic processes.  
This includes relating magma mingling to partial melting processes in the deep crust as 
well as the conditions that promoted the crystallization of new igneous phases.  In the 
shallow crustal Gouldsboro pluton, this work includs efforts to understand the effects of 
repeated mafic magma infiltration into a felsic magma chamber on the organization of the 
plutonic stratigraphy and compositional heterogeneity.  This project built based on 
mapping of outcrop and regional scale structures and unit distributions then worked 
toward developing a whole rock geochemical dataset and catalog of microtextural and 
microgeochemical features.  Consequently, this project involved bulk geochemical 
analyses via X-ray fluorescence (XRF), isotopic studies via thermal ionization mass 
spectrometry (TIMS), in-situ major element analyses using an electron probe 
microanalyzer (EPMA), and studies of volatile distributions in crystalline and glassy 
phases using Fourier transform infrared (FTIR) spectroscopy. 
 
1.3 Dissertation Organization 
 This dissertation document is organized into three main chapters (Chapters 2-4) 
and an additional summary chapter (Chapter 5), which attempts to summarize and tie-
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together the work described in the three preceding chapters.  Each chapter is written in a 
format that is essentially independent and intended to be submitted for peer reviewed 
publication.  As a result, there is a degree of repetition in some of the introductory and 
background sections as well as figures in Chapters 2 and 3. 
 Chapter 2 presents the field-based results of work in the Fehr granite within the 
Athabasca Granulite Terrane and has been accepted for publication in the journal 
Geology (with co-authors Michael L. Williams, Sheila J. Seaman, and Gregory Dumond). 
This work describes evidence for the mechanical phenomenon preserved during injection 
of the ca. 1.9 Ga Chipman during migmatization of the ca. 2.6 Ga Fehr granite. The 
results of this study illustrate the rheological impediment that partial melting of fertile 
granitoids can have on the infiltration of mantle-derived mafic dikes in the deep crust.  
Related work, described in Chapter 4, highlights the importance of devolitalization of 
mafic dikes, during granulite facies metamorphism, on the reactions that generate partial 
melt in the Fehr granite.  The critical finding of this work is that fertile granitoids in the 
deep crust have important rheological and compositional effects on mafic magmatism.
 Chapter 3 represents a focused study on the mineralogical controls of trace 
element partitioning during granulite facies metamorphism.  This study links whole rock 
geochemistry with EPMA studies of major phases is based on ideas present by Bea 
(1996) related to the mode of occurrence of trace elements in a mineralogical context, but 
builds on this previous work by modeling disequilibrium melting processes (after 
Sawyer, 1991). A unique result of this work is the identification of four processes that 
influence trace and rare earth element geochemistry in partial melts. These include: 1) the 
role of eutectic melting vs. pertitectic partial melting reactions during migmatization and 
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the amount of peritectic phases that grow during the reaction, 2) dominance of K vs. Na 
vs. Ca in the protoliths of partial melts, 3) the volume percent of partial melts represented 
by a particular fraction of leucosome, and 4) the availability of accessory minerals to 
provide trace and rare earth elements to the leucosome. All of these processes influence 
the composition of partial melts.   
 The work described in chapter 3 also includes microtextural and 
microgeochemical evidence for partial melt generation and transport within the 
migmatized Fehr granite.  This includes features developed during the mingling of felsic 
partial melts (i.e. granitic leucosome) and mafic magmas related to the Chipman dike 
swarm. Observations from this study have important ramifications for crustal 
composition because of their direct effect on the chemistry of the most easily transported 
portion of migmatites.  An additional finding of this work is that melt microstructures in 
the constituents of migmatites can be linked to the evolution of melt-generating reactions, 
the mobilization of specific suites of elements and the subsequent crystallization of new 
igneous phases. 
 The focus of Chapter 4 is essentially three-fold. First is to describe outcrop scale 
and microstructural evidence of mafic-felsic magma interaction in a shallow crustal 
setting.  The goal of this portion of the project was to develop a set of observations that 
can be compared with evidence for magma mingling in deep crustal settings.  Second is 
to understand the chemical and isotopic effects of mafic magma intrusion into a magma 
chamber dominated by felsic magmas. Third is to contextualize the Gouldsboro pluton 
within the tectonic framework of magmatism during Acadian orogenesis at the latitude of 
the coastal Maine magmatic province. One of the important contributions of this work 
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was to recognize the isotopic influence of mafic magmas and interaction of felsic 
magmas, with different source heritages, on both homogeneous and heterogeneous 
granites at a hypabyssal crustal level. Another important result of this work is the 
recognition that mafic-felsic magma interaction can play a role in the resulting pluton 
geometry. Basin-style geometries for shallow crustal bimodal systems or mafic and silicic 
layered intrusions (MASLI; Wiebe, 1993 and 1996) may not be universally applicable 
due to the inheritance of previously existing structures and the influence of near 
simultaneous injections of mafic and felsic magmas on pluton geometries. 
 
1.4 Summary 
 Comparisons of bimodalism from each an exposed section of the deep crust and a 
shallow crustal plutonic complex provide an excellent opportunity to compare the 
chemical and mechanical processes that yield crustal heterogeneity.  This work directly 
contributes to some of the fundamental questions in continental tectonics: the petrologic 
mechanisms that effect crustal rheology, processes of partial melt generation, migration, 
and chemical modification in the deep crust, and the controls on composition and 
geometry of intrusions in the shallow crust.  The subsequent chapters represent an 
attempt to understand the geologic processes that are involved with magma mingling in 
the deep and shallow crust.  These attempts to understand the physical and chemical 
results of bimodalism at different crustal levels are intended as a contribution to the 
evolving understanding of the many scales continental crustal heterogeneity. 
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CHAPTER 2 
 
GRANITE GENESIS AND MAFIC-FELSIC MAGMA INTERACTION IN THE 
LOWER CRUST 
 
 
2.1 Introduction 
 
The presence and character of continental crust on Earth is fundamentally linked 
to the origin and evolution of felsic igneous rocks. Many models for the origin of felsic 
magmas involve the input of heat from mafic magmas emplaced within or beneath the 
crust (e.g., Huppert and Sparks, 1988; Annen et al., 2006). Mafic magmas also play a role 
at shallower levels, where mafic-felsic magmatic interaction can affect the longevity and 
composition of felsic magma systems (e.g. Wiebe, 1996; Harper et al., 2004). The fact 
that mafic and felsic igneous rocks typically have a signature of contamination even 
before emplacement in the upper crust (DePaolo et al., 1992; Annen et al., 2006) suggests 
that the shallow crustal interaction may be the final stage in a protracted set of 
petrogenetic processes. The Athabasca granulite terrane (AGT), located in northwestern 
Saskatchewan, Canada (Fig. 2.1A,B), is one of Earth’s largest exposures of intact lower 
continental crust and provides an unprecedented example of felsic magma generation and 
felsic-mafic magma hybridization in the deep crust. Relationships preserved in this region 
fill the gap between processes that yield heat and magma from the mantle and processes 
that yield bimodal suites in the shallower crust. 
The purpose of this paper is to present detailed field evidence for granitic magma 
genesis associated with mafic magmatism within the lower continental crust and to 
document evidence for deep crustal mafic-felsic magma mingling and mixing. Exposures 
in the AGT offer a view of a fundamental mechanism for contamination of mantle-
9 
 
derived materials (i.e., assimilation of crustal components via magma mixing) as well as 
felsic magma production from melting of orthogneiss in the deep crust. The region 
provides a picture of a heterogeneous, dynamic, and locally fertile cratonic deep crust. 
This setting may serve as a basis for new models of the behavior of the deep continental 
crust and provide insight into the petrogenesis of magmas observed at shallower crustal 
levels. 
 
2.2 Background 
The AGT is a >20,000 km2 domain of Archean to Paleoproterozoic mafic and 
felsic granulites and orthogneisses (Fig. 2.1B) that were deformed and metamorphosed at 
ca. 1.0 - 1.2 GPa (ca. 40 km paleodepths) (Mahan and Williams, 2005; Williams and 
Hanmer, 2006). This region is interpreted to represent continental lower crust during the 
period 2.6 - 1.85 Ga (Mahan et al., 2006b; Flowers et al., 2006a) (Fig. 2.1B). It was 
uplifted and exhumed along the Legs Lake thrust-sense shear zone (Fig. 2.1C) (Mahan 
and Williams, 2005, Mahan et al., 2006a,b). The eastern portion of the AGT is dominated 
by the Mesoarchean (3.3 Ga) Chipman tonalite batholith (Fig. 2.1C), a large body of 
banded hornblende tonalite with inclusions of anorthosite, pyroxenite, and a variety of 
mafic and felsic granulites. The Fehr granite (ca. 2.6 Ga, W. Davis, personal 
communication) occurs along the eastern flank of the Chipman tonalite, just west of the 
Legs Lake shear zone (Hanmer et al., 1994; Hanmer, 1997) (Fig. 2.1C). The Chipman 
tonalite and the Fehr granite were simultaneously intruded by the 1.9 Ga Chipman mafic 
dike swarm (Flowers et al., 2006b). 
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The most pristine exposures of the Fehr granite are characterized by euhedral to 
subhedral K-feldspar megacrysts (up to 8 cm diameter) in a matrix of quartz + 
plagioclase (~1 cm diameter) with fine-grained biotite and hornblende (Fig. 2.2A). 
Locally, the long axes of megacrysts are aligned in a relatively isotropic matrix 
suggesting preservation of a magmatic flow fabric. More commonly, the Fehr granite has 
a gneissic texture, and in many areas, a relatively strong early foliation (S1) is warped 
into open folds and cut by a moderately- to steeply-dipping, northeast-striking axial 
planar foliation (S2) (Fig. 2.1D and 2.2C,D). Aplitic granite pods, dikes, and sills are 
common in this area.  
The Chipman mafic dike swarm forms a linear belt several tens of kilometers in 
width and extends for hundreds of kilometers to the north and south (Williams et al., 
1995; Flower et al., 2006a). Individual Chipman dikes range from centimeters to tens of 
meters in width. These dikes are composed of hornblende + plagioclase + clinopyroxene 
+ garnet and locally, tonalitic leucosome, which is interpreted as partial melt of Chipman 
dikes (Williams et al., 1995). Internal textures vary markedly based on the amount of 
tonalitic leucosome present. Relatively late-stage dikes are straight-sided and cut all 
fabrics in the Chipman tonalite and Fehr granite. Earlier dikes are commonly folded and 
locally contain metamorphic garnet and clinopyroxene in addition to tonalitic leucosome. 
The Chipman dikes are interpreted to have been syntectonically emplaced and 
metamorphosed (Williams et al., 1995; Hanmer, 1997). Metamorphic assemblages within 
these dikes indicate high pressure (1.0 - 1.2 GPa) granulite facies conditions, with 
calculated temperatures on the order of 750 - 850 °C (Williams et al. 1995; Flowers et al., 
2006a). Geochemical and isotopic signatures are most consistent with derivation from a 
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predominantly depleted lithospheric or asthenospheric mantle source (Flowers et al., 
2006a). 
  
2.3 Partial melting of the Fehr granite 
The Fehr Granite is a pink, K-feldspar bearing megacrystic granite or gneiss. 
Most exposures also contain pink, aplitic granite in dikes, veins, pods, and fine stringers 
(interpreted as granitic leucosome) (Fig. 2.2D). With increasing abundance of granitic 
leucosome, K-feldspar megacrysts are smaller, more anhedral, and in some cases are 
partially replaced by granitic leucosome (Fig. 2.2B).  At its most extreme, the 
replacement of megacrysts results in outcrop exposures with what appear to be deformed 
megacrysts but are, in fact, granitic leucosome pods within a fine grained granitic matrix. 
Tonalitic leucosome veins are also locally present, and are probably derived from 
neighboring migmatitic Chipman mafic dikes. The much more abundant granitic 
leucosome is interpreted to represent in-situ partial melting of the Fehr granite itself. This 
interpretation is supported by major and trace element geochemical trends that show a 
cogenetic relationship between Fehr granitic leucosome and the Fehr granite protolith 
(Fig. 2.3 and Table 2.1). 
Compositional and textural gradients from relatively pristine to highly migmatitic 
Fehr granite occur on several scales. Regionally, granitic leucosome segregations tend to 
be more abundant in the central (Steinhauer Lake) areas of the Fehr granite exposure 
(Fig. 2.1C).  In the northernmost and southernmost exposures, local transitions from 
pristine granite to migmatitic granite occur on scales from meters to tens of meters. 
Single outcrops preserve variation in rock texture from granite dominated by euhedral 
12 
 
single-crystal megacrysts to exposures with few megacrysts and abundant granitic 
leucosome pods (Fig. 2.2B). 
Garnet is rare or absent in the northern and southern exposures of the Fehr 
granite, but is locally abundant within the more penetratively deformed and more 
migmatitic central part of the exposure area (Fig 2.1C).  Outcrops in this area can have 
10% - 15% garnet with crystals up to several centimeters in diameter. Commonly, pink 
granitic leucosome segregations occur adjacent to garnet crystals in triangular “tails” 
extending along the dominant foliation. The garnet-bearing migmatite is interpreted to be 
the result of a peritectic melt reaction in which garnet is produced during biotite 
dehydration melting. Textural evidence for in situ melting in exposures with no garnet is 
interpreted to reflect a different melt reaction, eutectic melting of hydrous orthogneiss.  
Deformational fabrics in the Fehr granite vary with the abundance of granitic 
leucosome. This leucosome first appears along the NW-striking, shallowly dipping S1 
foliation as tails or as lozenge-shaped segregations. With increasing abundance, 
segregations are more commonly aligned along the upright S2 foliation, and typically 
define steeply-dipping, NE-striking axial planar foliations to meter-scale folds (Fig. 
2.1D). In the highly migmatitic central region, a distinctive “mega-crenulation” fabric is 
common (Fig. 2.2C,D) in which the granitic leucosome veins define both the sigmoidal 
S1 traces and a spaced S2 cleavage. Whereas crenulation cleavage in schists is typically 
spaced on a scale of millimeters, the S2 spacing in the migmatized Fehr granite is ~10 - 
20 cm. With increasing granitic leucosome abundance, the S2 domains typically host 
progressively larger and more continuous aplitic dikes (Fig. 2.2D). The different fabrics 
and geometries in the Fehr granite migmatite are interpreted to reflect the evolving 
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rheology of the granite with increasing degrees of partial melting. 
 
2.4 Fehr granite – Chipman dike interaction: Magma mingling and mixing 
The Chipman dike swarm intrudes both the Chipman tonalite and the Fehr 
granite, but the physical character of dikes is significantly different in the two host rocks. 
Most tonalite-hosted dikes have straight, sharp, parallel contacts. All observations 
support the interpretation that Chipman mafic magmas intruded an essentially brittle 
tonalite host. In contrast, although contacts between Chipman dikes and the Fehr granite 
can be straight and sharp, they are more commonly curving, irregular, and distinctly non-
parallel on opposite sides of individual dikes. Larger dikes commonly bifurcate into 
smaller, anastomosing dikes that end abruptly as thin fingers or rounded terminations 
(Fig. 2.2E). Where dikes intrude granitic leucosome segregations and larger aplitic dikes 
and veins within the Fehr granite, dike margins typically have pillow-like shapes (Fig. 
2.2F). These textures suggest that the Chipman dikes were emplaced into, and locally 
interacted with, partially melted Fehr granite.  
Chipman mafic magma and aplitic Fehr granite-related leucosome were mutually 
contaminated by mixing and mingling processes. Megacrysts from the partially melted 
Fehr granite are typically present within Chipman dike margins, and locally, trains of 
megacrysts are present well within the mafic dikes. Aplitic leucosome commonly projects 
into mafic dikes (Fig. 2.2E), becoming progressively more diffuse and dispersed along 
strike, ultimately producing thin, white, millimeter-scale schlieren in the Chipman dikes. 
Chipman dikes that intrude migmatitic Fehr granite or aplitic partial melt segregations 
locally disaggregate into concentrations of centimeter- to meter scale, rounded mafic 
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accumulations (Fig. 2.2F). These pillow-like mafic pods are preferentially oriented with 
long-axes parallel to the major NE-SW trend of the dike swarm and have been recognized 
in granitic leucosome segregations some distance from obvious mafic dikes, suggesting 
that contaminated granitic leucosome can be transported well away from sites of mafic 
dike interaction. 
 
2.5 Discussion 
The Athabasca granulite terrane preserves evidence of high P-T metamorphism, 
deformation, and pluton emplacement at ca. 2.6 Ga (Williams and Hanmer, 2006; 
Dumond et al., 2010). The AGT may have remained at deep crustal levels or may have 
experienced minor exhumation, but a very large portion of the terrane underwent a 
second period of high- P-T (1.0 - 1.2 GPa) metamorphism and deformation at 1.9 Ga 
(Mahan and Williams, 2005; Williams and Hanmer, 2006; Flowers et al., 2006a). The 
Chipman mafic dike swarm was emplaced during the second event into the relatively 
fertile 2.6 Ga Fehr granite and the adjacent Chipman tonalite. Locally high temperatures, 
due to the proximity of mafic dikes and/or additional mafic magma at depth, led to 
extensive anatexis of the Fehr granite. The abundance of aplitic veins and dikes suggests 
that the granitic magma was mobilized to some degree (Fig. 2.2D). As the fraction of 
partial melt in the Fehr granite increased, it may have become increasingly difficult for 
subsequent Chipman dikes to cross-cut the granite, as indicated by the abundance of 
irregular, pillow-like dike terminations in the Fehr granite migmatite (Fig. 2.2E,F). 
Instead, dikes apparently pooled beneath and within the Fehr granite, providing 
additional heat for further melting. 
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One critical question concerns the source of water for large degrees of melting in 
these deep crustal rocks. Melting can be explained by two mechanisms.  Biotite 
dehydration melting is indicated by the abundant garnet + granitic leucosome textures in 
the central exposures of migmatized Fehr granite, east of Steinhauer Lake (Fig. 2.1C). 
However, large exposures of migmatized Fehr granite do not contain garnet or other 
minerals indicative of dehydration (peritectic) melting, yet textural evidence supports in-
situ melting. Partial melting in these areas is interpreted to represent eutectic melting 
resulting from the influx of hydrous fluids. The Chipman mafic dikes contain abundant 
hornblende and are interpreted to have been hydrous at the time of emplacement 
(Williams et al., 1995; Flowers et al., 2006b). Crystallization and subsequent 
metamorphism of early Chipman dikes, and possibly of a genetically related mafic 
underplate, probably provided additional fluids for partial melting reactions. The large 
degree of partial melt production can be attributed to a combination of the fertility of the 
Fehr granite, the presence of hydrous phases, introduction of water from migmatized 
Chipman dikes, and especially, the very high temperatures (> 800° C) in the vicinity of 
the dense Chipman mafic dike swarm . 
Mid- and shallow-level igneous rocks commonly have a signature of 
contamination (e.g., DePaolo et al., 1982; Barnes et al., 2002). Workers typically call 
upon assimilation of deep crust to explain this contamination and many envision the 
digestion of blocks of continental crustal materials. Studies of the Fehr granite migmatite 
provide a different model, one in which felsic magma genesis and contamination are 
fundamentally linked. High temperatures (>800 °C) and hydration produced during 
emplacement and migmatization of mantle-derived mafic dikes can lead to extensive 
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melting of granitoids in the deep crust. The presence of felsic partial melt during 
continued dike intrusion allows mixing and mingling of felsic and mafic magmas. We 
suggest that this type of mafic-felsic magma interaction can provide an efficient means of 
contamination of both felsic and mafic end members at lower crustal depths prior to 
migration of magma to middle or shallow crustal levels. 
 Many workers have suggested that mantle partial melts pond at the dry, mafic 
base of the crust (Huppert and Sparks, 1988; Annen et at., Fig.1, 2006).  Feeder dikes 
(Petford, 1996; Rushmer, 2003; Brown, 2005) or shear zones (Hollister and Crawford, 
1986) have been invoked to convey magmas to shallower crustal levels where mixing and 
differentiation processes have been widely documented.  However, the heterogeneity of 
lower crustal exposures in the AGT indicates that the deep crustal ‘hot zone’ of Annen 
and others (2006) is more complex than a site of intrusion of partial mantle melts into 
mafic crust.  Rather, underplating at the base of the crust provides a thermal engine such 
that true granites can form in close proximity to the mantle, creating a setting where 
mingling and contamination are inevitable. Exposures in the AGT provide a view of a 
linked and positively reinforcing system involving mafic injection, partial melting of 
granitoids, filtering and entrapment of mafic magma, and ultimately hybridization of 
felsic and mafic end-members.   
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Table 2.1:Geochemistry for the Fehr Granite (Continued next page).   
  Fehr granite - Chipman mafic magma mingling (continued next page) 
sample 09K-013a 09K-013c 09K-020b 09K-036b 09K-072b 08K-004 
lake No-Name No-Name No-Name No-Name Fehr Steinhauer 
 SiO2   71.70 67.08 63.12 67.35 62.89 66.07 
 Al2O3   15.59 15.68 14.40 15.09 14.96 14.45 
 Fe2O3   1.37 4.97 8.63 5.27 8.24 7.55 
 MnO   0.02 0.05 0.11 0.07 0.11 0.13 
 MgO   0.60 1.10 1.77 1.05 1.57 1.59 
 CaO   2.07 3.49 4.14 3.25 4.46 2.84 
 Na2O   4.05 3.90 3.99 3.89 4.38 4.52 
 K2O   4.54 2.99 2.37 3.38 2.85 2.01 
 TiO2   0.19 0.74 1.30 0.76 1.22 1.09 
 P2O5   0.08 0.21 0.41 0.23 0.38 0.36 
 Total   100.21 100.21 100.24 100.34 101.07 100.61 
 V   20 68 94 63 87 85 
 Cr   18 35 32 28 31 33 
 Ni   9 12 15 10 14 16 
 Zn   22 75 93 82 110 69 
 Ga   15 20 21 19 21 18 
 Rb   69.8 60.8 52.8 67.3 53.6 50.6 
 Sr   523 321 290 320 312 299 
 Y   1.6 15.7 32.7 18.6 30.0 25.0 
 Zr   128 350 331 352 368 296 
 Nb   1.7 12.5 18.6 15.2 18.0 13.9 
 Ba   1287 1488 910 1644 1201 681 
 La   43 111 52 38 56 57 
 Ce   82 227 117 73 123 125 
 Pb   19 17 10 12 16 6 
 Th   14 19 5 2 5 14 
 U   0 0 0 0 1 1 
Geochemical data produced via XRF analysis at UMass unless noted. 
*Data from Flowers et al., 2006a. 
+Data from Williams et al., 1995.  
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Table 2.1: Continued next page.         
  Fehr leucosome (continued next page). 
sample 09K-017 09K-065a 09K-072d 09K-074 09K-079 
lake No-Name Cross Fehr Fehr Fehr 
 SiO2   71.83 75.16 68.26 75.50 77.05 
 Al2O3   15.57 13.94 17.10 14.65 13.79 
 Fe2O3   0.43 0.52 2.60 0.91 0.80 
 MnO   0.01 0.02 0.03 0.02 0.02 
 MgO   0.09 0.34 0.64 0.16 0.18 
 CaO   0.48 1.78 2.06 2.32 2.96 
 Na2O   2.92 4.54 4.81 6.15 5.20 
 K2O   9.03 3.82 4.38 0.75 0.41 
 TiO2   0.06 0.07 0.30 0.10 0.10 
 P2O5   0.02 0.12 0.09 0.04 0.01 
 Total   100.44 100.30 100.26 100.59 100.52 
 V   5 6 32 8 8 
 Cr   4 3 14 4 4 
 Ni   1 1 7 1 1 
 Zn   6 14 43 12 12 
 Ga   12 12 17 13 13 
 Rb   76.7 40.7 43.2 11.7 6.3 
 Sr   226 313 328 362 421 
 Y   0.4 4.3 6.8 1.2 0.2 
 Zr   13 23 128 39 46 
 Nb   1.0 1.2 4.4 1.0 1.6 
 Ba   2346 2170 2808 378 216 
 La   3 29 87 5 2 
 Ce   3 55 147 16 7 
 Pb   32 12 26 17 19 
 Th   0 13 18 0 1 
 U   0 0 0 0 0 
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Table 2.1: Continued next page.          
  Fehr leucosome Fehr melanosome (continued next page.) 
sample 09K-081 08K-015C 09K-050a 09K-063 09K-065b 09K-065d 
lake Fehr Steinhauer Cross Cross Cross Cross 
 SiO2   77.49 79.25 74.16 71.97 64.20 63.62 
 Al2O3   13.08 12.03 12.74 14.24 14.95 14.73 
 Fe2O3   0.62 0.97 3.44 3.12 7.51 8.22 
 MnO   0.02 0.04 0.04 0.04 0.10 0.11 
 MgO   0.14 0.22 0.87 0.82 1.38 1.54 
 CaO   1.23 0.90 1.71 1.64 4.11 4.16 
 Na2O   4.19 3.44 3.12 3.42 3.81 4.06 
 K2O   3.53 4.10 3.84 4.90 2.90 2.51 
 TiO2   0.06 0.07 0.56 0.45 1.11 1.21 
 P2O5   0.01 0.01 0.15 0.13 0.34 0.36 
 Total   100.39 101.03 100.62 100.71 100.43 100.52 
 V   5 11 44 36 83 89 
 Cr   3 7 25 20 25 29 
 Ni   1 2 8 7 12 13 
 Zn   33 13 54 46 108 108 
 Ga   19 11 16 17 21 21 
 Rb   28.4 47.9 87.0 100.5 47.6 38.9 
 Sr   211 161 240 257 324 340 
 Y   31.1 3.2 9.7 8.8 23.7 27.5 
 Zr   107 155 205 189 318 335 
 Nb   22.3 0.9 8.9 7.8 15.0 16.5 
 Ba   1000 986 1235 1372 1551 1325 
 La   6 54 58 76 41 54 
 Ce   16 106 113 149 88 111 
 Pb   35 20 18 21 13 13 
 Th   15 16 8 15 1 2 
 U   14 0 0 2 0 0 
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Table 2.1: Continued next page.         
  Fehr melanosome 
sample 09K-073 09K-091d 08K-009A 08K-009C 08K-012B 
lake Fehr Fehr Steinhauer Steinhauer Steinhauer 
 SiO2   63.25 62.14 74.52 66.62 60.05 
 Al2O3   14.70 14.86 13.66 15.69 14.55 
 Fe2O3   8.94 9.61 3.18 6.55 10.73 
 MnO   0.11 0.12 0.08 0.10 0.16 
 MgO   1.71 1.93 0.43 1.13 2.23 
 CaO   4.53 5.13 2.71 2.64 4.39 
 Na2O   3.95 4.16 4.74 4.98 4.18 
 K2O   1.55 0.97 0.84 2.04 2.04 
 TiO2   1.35 1.48 0.39 0.87 1.52 
 P2O5   0.41 0.48 0.12 0.25 0.47 
 Total   100.51 100.88 100.67 100.87 100.34 
 V   97 104 38 70 114 
 Cr   36 39 16 26 51 
 Ni   16 17 5 12 22 
 Zn   116 119 46 120 118 
 Ga   21 21 15 20 22 
 Rb   35.0 24.6 21.3 60.8 43.7 
 Sr   330 324 290 275 305 
 Y   33.1 36.0 11.9 14.5 35.3 
 Zr   407 399 193 331 386 
 Nb   19.6 19.6 8.5 14.8 18.8 
 Ba   766 421 711 1676 696 
 La   50 53 25 22 61 
 Ce   120 131 54 47 137 
 Pb   17 14 12 14 10 
 Th   7 6 6 1 2 
 U   0 0 0 0 0 
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Table 2.1: Continued next page.        
  Fehr paleosome 
Garnetiferous Fehr melanosome 
(continued next page) 
sample 09K-072a 08K-011B 08K-012 08K-015A 08K-016 
lake Fehr Steinhauer Steinhauer Steinhauer Steinhauer 
 SiO2   61.54 64.39 62.59 64.38 66.77 
 Al2O3   14.25 15.36 15.18 15.32 14.53 
 Fe2O3   10.20 7.54 8.43 7.92 6.65 
 MnO   0.12 0.12 0.15 0.12 0.11 
 MgO   1.92 1.20 1.56 1.46 1.08 
 CaO   4.50 4.12 3.87 4.17 3.40 
 Na2O   3.70 4.06 4.20 3.93 3.81 
 K2O   2.47 2.68 2.09 1.93 3.33 
 TiO2   1.48 1.07 1.18 1.17 0.96 
 P2O5   0.46 0.33 0.38 0.33 0.29 
 Total   100.63 100.87 99.65 100.73 100.92 
 V   104 77 93 86 66 
 Cr   38 26 37 36 29 
 Ni   17 11 15 13 11 
 Zn   132 105 100 96 97 
 Ga   22 20 21 20 19 
 Rb   52.7 45.3 49.8 43.4 43.3 
 Sr   299 319 345 343 321 
 Y   33.8 23.7 27.4 20.2 20.7 
 Zr   439 273 361 390 352 
 Nb   20.7 15.4 16.4 17.9 16.2 
 Ba   907 1354 1060 1198 2040 
 La   71 35 52 44 59 
 Ce   156 74 112 89 110 
 Pb   14 12 10 7 18 
 Th   6 1 2 1 5 
 U   1 0 0 0 0 
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Table 2.1: Continued next page.           
    
Granulite Chipman dikes with 
Leucosome* 
Granulite Chipman dikes 
with no leucosome* 
sample 08K-017  O2-125    O2-58    99B-15    O2-112   
 SZ00-
182A   
lake Steinhauer  Steinhauer   Chipman  
 
Steinhauer  
 
Steinhauer    Chipman 
 SiO2   66.31 52.21 51.13 51.71 50.96 51.31 
 Al2O3   15.39 11.97 11.49 12.65 13.86 13.23 
 Fe2O3   6.71 17.46 19.46 16.18 13.48 16.15 
 MnO   0.08 0.21 0.26 0.27 0.22 0.23 
 MgO   1.16 4.36 3.26 4.89 7.10 5.34 
 CaO   2.93 9.04 7.77 8.92 11.45 9.57 
 Na2O   4.83 1.53 2.21 1.88 1.90 2.12 
 K2O   2.16 1.12 1.13 1.02 0.09 0.73 
 TiO2   0.98 1.92 2.50 1.78 0.72 1.53 
 P2O5   0.27 0.18 0.30 0.17 0.05 0.20 
 Total   100.82 100.23 99.73 100.06 99.47 100.24 
 V   82 398 278 322 270 344 
 Cr   42 24 -20 46 119 90 
 Ni   5 46 29 50 79 56 
 Zn   85 137 150 107 86 79 
 Ga   21 21 20 18 15 17 
 Rb   50.8 14.6 31.5 15.9 3.0 16.4 
 Sr   276 89 136 203 70 150 
 Y   11.0 34.8 44.9 24.6 19.2 30.3 
 Zr   331 165 211 115 38 123 
 Nb   19.5 11.1 13.0 13.8 4.9 6.9 
 Ba   1314 142 287 169 25 231 
 La   14 16 27 18 2 17 
 Ce   22 37 59 37 5 37 
 Pb   14 0 8 0 0 0 
 Th   9 5 5 2 0 2 
 U   2 2 3 1 0 0 
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Table 2.1: Continued next page.       
  
Granulite Chipman dikes with no 
leucosome* 
Hb-Pl    
dikes* 
Pl-rich 
dikes* 
sample 
SZ00-
182B 
 SZ00-
201A   
 SZ00-
186A    O2-123B  
 SZ00-
200A   
lake  Chipman  Chipman   Chipman  
 
Steinhauer   Chipman   
 SiO2   50.52 50.93 49.90 48.27 49.60 
 Al2O3   15.54 14.71 13.32 13.12 17.30 
 Fe2O3   13.27 14.48 16.86 16.58 9.95 
 MnO   0.19 0.20 0.25 0.23 0.16 
 MgO   6.04 5.59 5.72 5.38 7.10 
 CaO   10.46 9.31 9.90 9.61 11.76 
 Na2O   2.07 3.00 2.34 2.46 2.11 
 K2O   0.70 0.64 0.24 1.31 0.57 
 TiO2   1.22 1.17 1.40 1.82 0.58 
 P2O5   0.15 0.11 0.11 0.17 0.04 
 Total   100.03 99.99 99.71 99.76 100.35 
 V   279 251 314 347 187 
 Cr   158 26 24 107 214 
 Ni   88 64 46 72 89 
 Zn   96 67 96 112 63 
 Ga   16 20 17 18 14 
 Rb   19.5 18.0 2.8 29.8 15.9 
 Sr   170 262 85 115 182 
 Y   24.3 21.7 31.3 33.4 11.3 
 Zr   102 74 84 115 35 
 Nb   6.0 3.8 5.7 7.5 3.2 
 Ba   225 219 27 160 87 
 La   13 10 6 13 3 
 Ce   28 21 15 23 7 
 Pb   0 0 0 5 0 
 Th   1 1 1 1 0 
 U   1 7 0 0 1 
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Table 2.1: Continued next page.            
  Undifferentiated migmatitic Chipman dikes+ (continued next page). 
sample W2-41 M112-D W2-36A W2-26 M2479B M112-2 
lake Woolheather Woolheather Woolheather Woolheather Woolheather Woolheather 
 SiO2   49.26 49.69 49.06 51.52 49.61 51.63 
 Al2O3   12.97 13.54 12.85 13.10 16.33 14.28 
 Fe2O3   16.95 15.34 18.28 16.05 11.80 14.17 
 MnO   0.22 0.21 0.29 0.22 0.19 0.22 
 MgO   5.13 6.20 5.57 4.72 8.48 5.65 
 CaO   9.16 9.90 10.09 8.88 10.87 9.52 
 Na2O   2.46 2.65 1.85 2.61 2.11 2.53 
 K2O   0.49 0.75 0.31 0.90 0.38 0.62 
 TiO2   3.09 1.31 1.83 1.78 0.60 1.46 
 P2O5   0.34 0.11 0.16 0.18 0.05 0.14 
 Total   100.07 99.70 100.29 99.96 100.42 100.22 
 V   437 333 402 335 182 312 
 Cr   68 134 111 25 132 111 
 Ni   66 116 67 52 165 73 
 Zn   136 97 141 135 86 127 
 Ga   24 17 20 19 15 21 
 Rb   6.7 8.2 6.4 19.9 6.9 20.8 
 Sr   136 140 118 226 160 172 
 Y   52.5 27.7 33.0 24.5 12.6 24.6 
 Zr   212 76 117 139 47 115 
 Nb   12.6 3.8 7.0 11.9 2.1 7.6 
 Ba   56 68 60 230 72 184 
 La   13 5 4 20 9 12 
 Ce   37 13 21 46 10 30 
 Pb   3 2 2 7 3 5 
 Th   1 0 0 2 0 2 
 U   1 1 1 1 0 1 
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Table 2.1: Continued.      
  
Undifferentiated migmatitic Chipman 
dikes+ (continued). 
sample M2432B M2432C 08K-015B 
lake Woolheather Woolheather Steinhauer 
 SiO2   43.23 50.97 50.38 
 Al2O3   16.91 13.22 14.43 
 Fe2O3   16.86 17.52 13.48 
 MnO   0.25 0.34 0.24 
 MgO   9.32 5.12 5.94 
 CaO   11.43 9.34 10.83 
 Na2O   1.02 1.27 2.85 
 K2O   0.18 0.22 1.08 
 TiO2   1.19 1.68 1.18 
 P2O5   0.13 0.16 0.10 
 Total   100.52 99.84 100.52 
 V   232 375 283 
 Cr   129 109 102 
 Ni   104 64 61 
 Zn   132 134 114 
 Ga   16 17 17 
 Rb   2.0 2.2 8.3 
 Sr   267 112 184 
 Y   32.4 31.1 17.0 
 Zr   75 109 76 
 Nb   8.8 9.1 7.2 
 Ba   15 27 117 
 La   5 6 6 
 Ce   10 18 23 
 Pb   3 3 8 
 Th   0 1 2 
 U   1 0 0 
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Figure 2.1: A: Simplified geographic map of North America with red box depicting 
region shown in detail in part B. B: Generalized geologic map of the Athabasca 
granulite terrane (AGT, after Gilboy, 1980; Hanmer, 1997; Mahan et al., 2005).  C: 
Detailed map focused on the easternmost portion of the AGT including the Fehr 
granite, Chipman tonalite and Chipman dike swarm.  Chipman dikes are present 
throughout the area shown (modified from Flowers et al., 2008). The most abundant 
migmatized Fehr granite (i.e., area of greatest partial melting of the Fehr granite) is 
centered near eastern Steinhauer Lake as indicated by the gradient from white 
(most-migmatitic) to red (least-migmatitic). C: Stereogram of the S1 (blue dots) and 
S2 (green dots) tectonic fabrics within migmatized Fehr granite.  Hybrid fabrics of 
S1 and S2 are frequently observed, especially in areas of abundant migmatite. 
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Figure 2.2: Field photos of the Fehr granite and Fehr granite – Chipman mafic dike 
interaction along the eastern edge of the AGT. A) Isotropic megacrystic Fehr 
granite preserving only weak deformation and limited in-situ granitic leucosome, B) 
Diffuse contact between Fehr granite-related leucosome pod with S1 fabric, C) 
“Mega-crenulation” cleavage in migmatitic Fehr granite. Note the crenulated S1 
fabric and spaced granitic leucosome-rich S2 crenulation cleavage. D) Aplitic 
leucosome (felsic dike) with trails projecting in from S2 fabric domains. E) 
Leucosome-rich Fehr granite chemically and mechanically interacting with 
discontinuous mafic Chipman dikes, F) Coarse grained, leucosome-rich Fehr 
migmatite and Chipman dike termination. 
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Figure 2.3: Harker-style bivariant element plots of Fehr granite and related 
products of migmitization during granulite facies metamorphism.  Also included are 
plots of Fehr granite with petitectic garnet, Fehr granite mechanically mingled with 
Chipman dike-related mafic magmas, and Chipman dikes having experienced 
varying degrees of migmitization and peritectic phase-forming reactions.  The Fehr 
granite is the most fertile rock for partial melt generation in the study area 
(continued on next page). 
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 (Continued from previous page.) Although some variation exists in the Al content of 
partial melt-bearing Fehr granite and Fehr leucosome and Chipman dikes (plot A), 
plots B, C, and D all show a consistent trend of increasing Si and alkali elements (i.e 
Na) with increasing partial melt concentration and decreasing metals (i.e. Fe) and 
Zr.  This trend is not observed in Chipman dikes, regardless of the degree of partial 
melting.  The lack of overlap in Fehr-related vs. Chipman-related fields suggests 
that partial melt observed within the Fehr granite was locally generated and was 
either stored near the site of production or migrated independently of the Chipman 
mafic dike migmatitie. Data for Chipman dikes and Chipman dike granulites from 
Williams et al., 1995 and Flowers et al., 2006a. 
30 
 
CHAPTER 3 
MINERALOGICAL CONTROLS ON THE PARTITIONING OF TRACE 
ELEMENTS DURING ANATEXIS OF GRANITOIDS IN THE DEEP CRUST 
 
3.1 Abstract 
 Recent bulk and microgeochemical studies of the Fehr granite from the Athabasca 
granulite terrane in northern Saskatchewan, Canada suggest that five main factors 
contribute directly to partitioning of trace elements between leucosome and melanosome.  
These include: 1) the dominance of eutectic vs. peritectic partial melting and the extent of 
peritectic phase growth, 2) the bulk composition of the leucosome and the dominance of 
potassium vs. sodium in the protolith, 3) the volume percent partial melt the kinetics 
associated with partial melt extraction, 4) the availability for melting of accessory phases 
in the melanosome (i.e. hosted by matrix grains vs. inclusions), and 5) the influence of 
volatiles provided by eutectic dehydration melting reactions. 
 Geochemical observations from representative samples of the major components 
of Fehr granite migmatites substantiate the suggestions of previous workers that there is a 
direct link between the degree of partial melting, as well as the timing of partial melt 
generation and subsequent extraction from the protolith, and the trace element and rare 
earth element concentrations in the leucosome (i.e. Sawyer, 1987; Brown, 2007).  
Observations from this study highlight the necessity of detailed examination of trace 
element and rare earth element abundances in both whole rocks and in individual mineral 
phases from each the leucosome and residual parts of a migmatite in order to accurately 
interpret the mechanisms and pathways of trace element distribution. 
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3.2 Introduction 
 The production of continental crust on Earth is fundamentally linked to the 
source, generation, transport, geochemical evolution, and final emplacement of felsic 
igneous rocks. Processes that have a role in generating felsic melts act in all levels of the 
crust (Annen et al., 2006). Recovering the record of events that led to trace element 
distribution involves understanding the behavior of major and trace elements during 
partial melting, the transport and contamination of partial melts, and crystallization of 
these magmas at distinct crustal levels (Sawyer, 1991).  Of particular importance is the 
role of temperature and pressure on the partitioning of elements between products of 
melting and parent rock or partial melts and residual crystallizing solids left in the 
melanosome.  A robust data set of the pressure and temperature conditions associated 
with partial melting has been generated via experimental studies on synthetic and natural 
rocks (i.e. Wolf and Wylie, 1993; 1994; 1995). However, it is critical to evaluate such 
models and add constraints from well-studied natural exposures. 
 Trace element distribution in the migmatized 2.6 Ga Fehr granite in the Athabasca 
Granulite Terrane provides data on fertile rocks from the base of the crust that bears on 
the distribution of trace elements between leucosome and paleosome. The Fehr granite 
was migmatized at 1.9 Ga under lower crustal pressure and temperature conditions during 
heating associated with the intrusion of the Chipman mafic dike swarm (Flowers et al., 
2006a).  Migmatitic Fehr granite is superbly exposed, with regional variation in the 
interpreted percent of melting from essentially un-melted (paleosome) to as much as 40 
volume percent. However, trace element and rare earth element concentrations in the 
paleosome, melanosome, and leucosome constituents of the Fehr granite strongly contrast 
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with those expected based on partitioning models (i.e. Bea, 1996).  Concentrations of 
trace elements with small distribution coefficients (kD) are commonly relatively depleted 
in the leucosome and some trace elements with large kD values are concentrated in the 
leucosomes.   
 At least five processes exert a control on the distribution of trace elements and 
rare earth elements during partial melting of the Fehr granite, including:  (1) whether the 
partial melting reaction is dominated by eutectic or peritectic melting reactions and the 
extent of growth of peritectic reaction products, 2) the bulk composition of the parent 
rock and especially the ratio of sodium to potassium feldspar, 3) the volume percent 
partial melt and relative ease of partial melt extraction, 4) the degree of shielding of 
accessory phases from melting, and 5) the availability of volatiles to enhance partial 
melting reactions.  
 The Fehr granite migmatite provides an opportunity to investigate processes that 
directly influence felsic melt composition within a deep crustal magma source region, 
prior to further modification by transport or upper crustal emplacement processes. The 
purpose of this paper is to document and comment on the important controls over the 
compositional evolution of felsic partial melts produced during partial melting of a 
granitoid in the root zone of an ancient craton.  Mafic-felsic magma interaction between 
Fehr granite leucosome and mafic magmas related to the Chipman mafic dike swarm are 
the subject of an additional study (Koteas et al., 2010) and are not considered further in 
this discussion.  Heating of the deep crust in this region, by a major episode of mafic 
magmatism, as well as devolitalization during metamorphism of the Chipman mafic dikes 
is directly responsible for the partial melting of the Fehr granite.  The mechanisms of 
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partial melting and the distribution of trace and rare earth elements between partial melt 
and Fehr granite protolith are the most fundamental factors in the generation of a 
diversity of continental crustal compositions.  Identification of the geochemical 
signatures of felsic magmas produced in the deep crust offer the opportunity to refine the 
current petrogenetic understanding of felsic melt components that are transported to 
emplacement levels in the middle and shallow crust. 
 
3.3 Background 
 The Athabasca granulite terrane (Fig. 3.1) is a >20,000 km2 domain of Archean to 
Paleoproterozoic mafic and felsic granulites and orthogneisses that were deformed and 
metamorphosed at ca. 1.0-1.2  GPa (~40 km paleodepths) (Mahan and Williams, 2005; 
Williams and Hanmer, 2006). The eastern portion of this area is dominated by the 
Mesoarchean Chipman tonalite, which is intruded on its eastern flank by the ca 2.6 Ga 
Fehr granite (Hanmer, et al., 1994; Hanmer, 1997).  The Chipman tonalite and the Fehr 
granite were intruded by the 1.9 Ga Chipman dike swarm.  The precise pressures of 
emplacement of the Fehr granite (at 2.6 Ga) have not been quanitifed, but regional 
relationships suggest that the Chipman tonalite was present at a deep crustal level during 
the intrusion of the Fehr granite (Mahan et al., 2008).  Emplacement of the 1.9 Ga 
Chipman dike swarm and a related mafic underplate likely provided the heat necessary 
for anatexis of the Fehr granite. The influence of a mafic underplate matches theoretical 
models for conductive heating and partial melting of continental crust (i.e.Bergantz, 
1989). Additionally, metamorphism of the early dikes from the Chipman swarm itself 
provided the volatiles necessary for partial melting of felsic materials during granulite 
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facies metamorphism. 
 The Fehr granite, in exposures with little evidence for migmitization (paleosome) 
is a hornblende + biotite granite with K-feldspar megacrysts (3-7cm long) in an albitic 
feldspar + quartz matrix (Fig. 3.2A).  Localized exposures of the Fehr granite, where it is 
only weakly migmatitic, preserve primary igneous characteristics, including euhedral to 
subhedral, K-feldspar megacrysts that commonly preserve rapikivi textures (Fig. 3.2A), 
schlieren related to igneous flow, and randomly oriented microgranitoid and intermediate 
fine grained enclaves.   The northernmost and southernmost exposures of the Fehr granite 
are interpreted to have experience lower degrees of partial melting (Koteas et al., 2010).  
Exposures in the center of the Fehr granite (Fig. 3.1) are interpreted to have undergone 
the highest degree of partial melting, producing up to ~40 volume percent leucosome. 
This volume of partial melt generation coincides with the growth of peritectic garnet and 
plagioclase in the Fehr granite neosome.  Immediately north and south of this region of 
elevated partial melting, the volume of granitic leucosome begins to decline and garnet as 
a peritectic phase becomes much less common.  However, a separate eutectic partial 
melting reaction, probably related to the input of volatiles to the Fehr granite, liberated by 
dewatering of hornblende in Chipman mafic dikes during regional granulite facies 
metamorphism, appears to have been active in these areas. The volume of leucosome 
produced during migmatization of the Fehr granite varies significantly on local 
(decimeter to kilometer) scale and appears to directly relate to the dominant partial melt-
generating reaction. 
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3.3.1 Migmatite Terminology Used in the Discussion of Fehr Granite Partial Melting 
 The terminology used throughout the discussion of migmitization of the Fehr 
granite during granulite facies metamorphism and syn-anatectic deformation is presented 
in table 3.1. This terminology follows from the rigorous review of Sawyer (2008). 
Evidence from the migmitization of granitoids offers an important look at the 
development of felsic partial melt, which is a critical component of the continental crust.  
Use of terminology specific to the multiple unique constituents of a migmatite is critical 
in accurately describing and quantifying processes of partial melting and connecting 
observations in the field to microtextures, whole rock geochemistry and micro-
geochemistry. 
 
3.3.2 Field Evidence for Migmitization of the Fehr Granite 
 Field evidence for the generation of partial melt during migmitization of the Fehr 
granite is ubiquitous. Potassium feldspar megacrysts in the Fehr granite that underwent 
only a moderate degree of anatexis have resorbed margins or thin quartzofeldspathic 
films (Holness and Clemens, 1999) and are commonly re-oriented into a weak gneissic 
fabric. As the degree of partial melting increased, K-feldspar megacrysts broke down and 
were replaced by multicrystalline aggregates of alkali feldspar and quartz (Fig. 3.2B). 
However, in many instances, the volume of partial melt was not high enough for partial 
melt to be efficiently mobilized away from generation sites. In these instances, both solid 
products of the melting reaction and partial melt occur together and have a mineral 
assemblage that is identical to that of the Fehr granite protolith.  This observation 
suggests that these partial melts essentially formed in-situ in a quasi-closed system. 
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 Megacrysts in the Fehr granite that underwent a higher degree of migmitization 
were completely replaced by quartzofeldspathic aggregates and appear as “ghosts” of 
phenocrysts.  Megacryst ghosts are completely transposed into relatively high aspect ratio 
patches of leucosome that connect to foliation-parallel stringers or veins or dikes of 
granitic leucosome (Fig. 3.2C).  Polycrystalline quartz occurs as ribbons adjacent to 
foliation parallel dilation sites that host granitic leucosome.  Compositional banding 
related to magmatic flow or schlieren structures are common in these areas and include 
decimeter to 10’s of meter sized rafts of weakly- or non-migmatized Fehr granite 
paleosome. These areas represent the greatest variability in the dominance of residual or 
leucocratic portions of the migmatite. Where the Fehr granite underwent the highest 
degrees of migmitization, veins or stringers of partial melt collected in low pressure sites 
as decimeter to meter scale patches of fine to medium grained anatectic granite or formed 
petrographically continuous links with aplitic dikes normal to foliation parallel partial 
melt stringers (Fig. 3.2C). These areas represent a critical degree of anatexis where the 
leucosome became highly mobile and was capable of efficiently migrating away from 
generation sites and contact with residual constituents of the Fehr granite migmatite. 
 
3.3.3 Partial Melting Reactions in the Fehr Granite 
 Two distinct partial melting reactions are hypothesized to be responsible for 
partial melt generation in the Fehr granite.  These reactions are each spatially restricted 
and are considered to be related to the availability of externally sourced volatiles and 
variation in the temperature of granulite facies metamorphism. In the center of the Fehr 
granite exposure (Fig. 3.1B), a peritectic dehydration partial melting reaction, capable of 
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growing almandine garnet in the melanosome portion of the Fehr granite migmatite, was 
likely responsible for generating quartzofeldspathic leucosome.  The most likely reaction 
for this system is: 
biotite + quartz = hydrous felsic melt + garnet 
Additional fluids were provided to the system by de-volatilization during metamorphism 
of mafic rocks associated with the Chipman dike swarm.  Mineral assemblages and 
estimates of peak temperatures for migmatitic Chipman dikes of ~800°C (Williams et al., 
1995) match theoretical studies based on analyses of natural rocks (Sawyer, 1991) and 
experimental studies (Percival, 1983; Wolf and Wyllie, 1994) for dehydration melting of 
amphibolites via the reaction: 
hornblende + plagioclase = garnet + clinopyroxene + plagioclase + quartz + H2O 
 Partial melts produced from the Fehr granite in areas away from the center of the 
exposure area do not preserve peritectic phases such as garnet or clinopyroxene in the 
melanosome portions of the migmatite. The generation of partial melt in these rocks is 
hypothesized to be a disequilbrium eutectic melting reaction (Thompson and Tracey, 
1979): 
albite + K-feldspar + quartz + H2O = granitic melt 
Since the Fehr granite is not a muscovite-bearing granitoid, congruent biotite dissolution 
could provide the necessary volatiles to allow over-stepping of the partial melting 
reaction (Barbey, 2007) 
K(Fe,Mg)3AlSi3O10(OH)2 + melt = [3(Fe,Mg) O +H2O] + [KAlSi3O8] 
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As with the peritect partial melting reaction described above, some external source of 
volatiles is required to initiate eutectic partial melting. The deep crust can be a very 
efficient insulator. This can promote relatively prolonged periods of increased 
temperature (Annen et al., 2006), especially during mafic magma input as dikes, sills or a 
mafic underplate (Jung et al., 2009).  Intrusion of mafic magmas associated with the 
Chipman dike swarm may have elevated the temperature of the Fehr granite to ≥750°C 
(Flowers et al., 2006a). Consequently, the availability of volatiles may be the most 
important factor in instigating partial melting, as opposed to elevated temperatures as a 
reaction limiting factor as has been suggest for partial melting in the mid-crust (Babeyko 
et al., 2002). The generation of granitic leucosome during migmitization of the Fehr 
granite, by both peritectic and euctectic partial melt reactions, was regionally extensive.  
 
3.4 Methods 
 In-situ microgeochemical observations were made using a Cameca SX-50 
electron probe micro-analyzer (EPMA) at the University of Massachusetts, Department 
of Geosciences.  Major and trace element bulk rock geochemistry was produced via X-
ray fluorescence (XRF) in the Ronald P. Gilmore Laboratory at the University of 
Massachusetts following the methods described in Rhodes and Vollinger (2004) and is 
presented in table 3.1A. Rare earth element data was generated at Activation Laboratories 
in Ancaster, Ontario, Canada and is presented in table 3.1B. Modal mineral percentages 
were estimated for representative samples of the constituent parts of the Fehr migmatite 
by using the program ImageJ to highlight specific elemental concentrations based on 
color ramps produced from full-section EPMA maps (Table 3.4).  Concentrations of 
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elements were used as a proxy for specific phases based on petrographic observations of 
the distribution of both major and accessory phases in each Fehr granite paleosome, 
melanosome, and leucosome. Estimates of partial melt production (F) were estimated by 
the methods described in Sawyer (1987) based on published partition coefficients, bulk 
geochemistry, and petrographic observations of mineralogy and microtextures (Table 
3.5).   
 
3.5 Effects of Eutectic vs. Peritectic (dehydration) Melting Reactions 
 Whole rock geochemical analyses are presented in tables 3.2A and 3.2B and 
figures 3.3 through 3.6. Trace and rare earth element trends from Fehr granite migmatites 
offer a critical perspective on the evolution of the individual components of the Fehr 
granite migmatite. Important observations related to trends in modeling of evolution of 
the bulk geochemistry data set during migmitization of the Fehr granite is presented in 
table 3.3.  
 Fehr granite melanosome and leucosome show regional variations in major and 
trace and rare earth element geochemistry. This variation is related to the type of 
reactions that produced the partial melt. Eutectic partial melting was dominant in the 
northern and southern parts of the exposure area on the basis of the absence of garnet in 
the melanosome or residuum, which is the major mineral product of the biotite 
dehydration melting reaction. In contrast, dehydration melting involving the breakdown 
of biotite was the dominant melting reaction in the central part of the Fehr granite.  
 SiO2 content in Fehr leucosome varies from ~68 to 79 weight percent (Table 
3.2A). Samples of leucosomes produced by eutectic partial melting tend to have slightly 
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lower Si content compared with samples produced by peritectic partial melting reactions 
(Fig. 3.3). Leucosomes sampled from the central areas of the Fehr granite plot separately 
from samples from areas to the north and south. This trend is most evident in terms of 
MgO vs. Al2O3 (Fig. 3.3). Leucosome samples generated by eutectic melting have a 
distinct positive Eu anomaly (Fig. 3.5A), but are relatively low in La, Ce, Nd, Hf, Zr, Sm 
compared to Fehr granite melanosome, paleosome, and leucosomes derived from 
peritectic partial melting reactions when normalized to lower continental crust (Fig. 
3.5B). Samples of Fehr granite leucosome from northern and southern exposures, where 
garnet is not present in the melanosome, are relatively depleted in the light rare earth 
elements compared to Fehr granite leucosome sample from central exposures, which 
preserve garnetiferous melanosome (Fig. 3.5A). These samples have positive Sr, P, and 
Ti anomalies that contrast sharply with samples of peritectic leucosome (Fig. 3.5B). 
However, leucosome samples in general are not relatively enriched in the most mobile 
elements (Sr - Th) and plot very similarly to paleosome and melanosome when 
normalized to chondrite (Fig. 3.6A). Leucosomes produced from peritectic partial 
melting reactions are more similar in the light rare earth elements (Fig. 3.5A) and the low 
field strength elements (Fig. 3.6B) to samples of Fehr granite paleosome as well as bulk 
continental crust. 
 Fehr granite melanosome has a broad distribution in plots of most major and trace 
elements vs. SiO2 (Fig. 3.3, 3.4). Samples of Fehr melanosome that does not contain 
garnet have the broadest distribution of major and trace elements compared with 
paleosome, leucosome, or garnet-bearing melanosome on bivariant element plots (Fig. 
3.3, 3.4). Fehr granite melanosome samples that have lost partial melt during eutectic 
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melting plot in two clusters in terms of Mn, Fe, Zr, and Y (Fig. 3.3, 3.4). The cluster that 
has generally higher concentrations of these elements overlaps with samples of Fehr 
granite paleosome and garnetiferous melanosome. Melanosome samples, irrespective of 
garnet content, plot similarly in terms of the immobile elements and share a sharp 
negative P anomaly when normalized to chondrite (Fig. 3.6A).  
 Fehr granite paleosome and garnetiferous melanosome with in-situ leucosome 
have identical rare earth element compositions (Fig. 3.5A). These samples also match 
very well with the trend of bulk upper crust though samples of paleosome and 
melanosome are slightly enriched compared with bulk upper crust (Fig. 3.5B).  
 
3.5.1 Effects of Alkali Concentration in Feldspar on Migmatite Composition 
 Fehr leucosome samples are peraluminous with molar A/CNK (Al2O3/ CaO + 
Na2O + K2O) values between 1.25 and 1.6 (Table 3.2A). There is a relatively wide 
distribution in the alkali elements for all leucosome samples, but leucosome generated by 
eutectic partial melting have the broadest distribution (Fig. 3.3). Eutectic leucosome 
samples are generally lower in SiO2 compared with peritectic leucosome (Fig. 3.3). 
Samples of leucosome produced by eutectic partial melting typically have higher Al, Rb, 
and Ba content compared with samples produced by peritectic partial melting reactions 
(Fig. 3.3 and 3.4). This matches the generally elevated K content in eutectic leucosome 
samples (Fig. 3.3). This also correlates with the presence of K-rich leucosome samples 
more commonly associated with eutectic partial melts from northern and southern 
exposures and Na-rich leucosome produced by peritectic partial melt reactions in central 
exposures (Fig. 3.6, Table 3.2A). Samples of Fehr granite paleosome, melanosome, and 
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leucosome are relatively enriched in Ba when normalized to chondrite, but eutectic 
leucosome samples have the widest distribution (Fig. 3.6A,B). Barium content broadly 
matches the expected values for average continental crust in paleosome and melanosome 
samples (Fig. 3.5B).  
 Fehr leucosome sampled from central exposures, contain feldspars with an overall 
higher Na content (Fig. 3.7). Fehr leucosome sampled from northern exposures are 
relatively more potassic (Fig. 3.8). Both Na- and K-rich leucosome is dominated by 
relatively fine grained aggregates of subhedral alkali feldspar + quartz + plagioclase + 
biotite. Both Na- and K-rich leucosomes are commonly preserved in partial melt dikes 
(Fig. 3.9). A very weak magmatic fabric can be observed in some areas, typically defined 
by variation in the concentration of biotite vs. feldspar and weakly aligned alkali feldspar 
megacrysts. Fehr leucosome that is stored within Fehr granite melanosome, which does 
not appear to have itself produced high volumes of partial melt locally, are usually 
defined as 2-6 cm wide aplitic stringers that are parallel to the main fabric (Fig. 3.2B).  
Leucosome bands most commonly appear to have intruded through areas dominated by 
the finer grained granitic matrix, avoiding areas with high concentrations of megacrysts 
(Fig. 3.10A).  Microstructurally, the remnants of partial melt can be observed along grain 
boundaries, especially intra-grain boundaries between single phases (i.e quartz with 
quartz). Wormy-symplektites and graphic intergrowths of quartz and alkali feldspar are 
commonly preserved in these spaces (Fig. 3.10B, C). New igneous phases, most 
commonly quartz, ternary feldspar, and biotite, have crystallized within relict grain 
spaces with different crystallographic orientations (Fig. 3.10D). 
 Fehr melanosome in central exposure of the Fehr granite, where peritectic garnet-
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in partial melting is dominant, is texturally similar to Fehr melanosome from northern 
and southern exposures.  Some exceptions are that the garnetifeous Fehr melanosome is 
more fine grained with rare subhedral plagioclase phenocrysts that are absent in eutectic 
leucosomes.  Biotite concentration is higher and is commonly associated with areas that 
are also relatively more garnetiferous.  Hornblende is also present, but is restricted to an 
overall smaller grain size than biotite and is associated only with matrix phases. 
 
3.5.2 Effects on Migmatite Composition of Accessibility of Accessory Phases 
 The occurrence of accessory minerals as either matrix grains or as inclusions in 
other minerals has a strong influence on trace element concentration of leucosome 
derived from protolith rocks (Bea, 1996). In the Fehr granite, zircon, monazite, and 
apatite can be hosted by alkali feldspar (Fig. 3.11A) when present in Fehr leucosome, 
although they are typically very fine grained (5-8 micron diameter). Zircon and monazite 
crystals are present in the grain boundaries between matrix phases more commonly in 
Fehr granite melanosome.  Larger subhedral accessory mineral grains such as zircon are 
present within biotite tabs in the matrix of Fehr melanosome, which is dominated by 
hornblende + biotite + albitic feldspar (Fig. 3.11B). Fehr paleosome also hosts spongy 
allanite grains that are variably rimmed by Ca-rich monazite (Fig. 3.11B). Microtextural 
features in samples of Fehr granite melanosome suggest that leucosome segregations, 
hosted by melanosome, dominantly migrate through zones between megacrysts. This 
suggests that accessory grains hosted by within the matrix of the Fehr granite 
melanosome would have more contact with partial melt than those stored in alkali 
feldspar megacrysts. 
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 The accessory phases within the Fehr granite paleosome, melanosome and 
leucosome are the most important hosts, by relative concentration, for the rare earth 
element suite, Zr, Th, and U (i.e. Fig. 3.6). The location of these phases relative to 
textures and fabrics within Fehr granite melanosome that includes elevated 
concentrations of felsic leucosome, or large collections of felsic leucosome in dikes or 
patches, is critical to the role that these phases play in whole rock geochemical 
signatures. Accessory phases, and garnet when available (Fig. 3.12) (Table 3.2C), are 
probably an important source of trace and rare earth elements during the prograde 
direction of granulite facies metamorphism. The relative solubility of the accessory 
phases in partial melt as well as the availability for these phases to be removed from the 
melanosome as xenocrysts are important for the trace element and rare earth element 
budget in both melanosome and leucosome. Samples of Fehr granite paleosome and 
melanosome that does not appear to have produced large volumes of partial melt have 
relatively higher concentrations of Zr (Fig. 3.4) and the rare earth elements (Fig. 3.5A). 
Rare earth element composition of Fehr granite melanosome that hosts higher 
concentrations of leucosome in-situ varies based on the presence of garnet as a peritectic 
phase (Fig. 3.12). However, melanosome samples that have higher relative volumes of 
leucosome have lower concentrations of heavy rare earth elements (Fig. 3.5A) and U and 
Th (Fig. 3.5B). 
  
3.5.3 Effects of the Degree of Partial Melting on Migmatite Composition 
 Concentration of several trace elements in Fehr granites melanosome and 
leucosome illustrate the influence of percent of partial melting on migmatite composition. 
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(Fig. 3.4). The spread of concentrations of Y and Zr in Fehr granite melanosome can be 
correlated with the relative volume of partial melt produced from these rocks (Fig. 3.4). 
Concentrations of SiO2 vs. Rb and  SiO2 vs. Ba vary considerably in leucosome, 
melanosome, and residuum within a narrow SiO2 range (Fig. 3.4). The concentrations of 
the heavy rare earth elements (Fig. 3.5A) progressively decrease in the direction of 
higher ionic potential (Fig. 3.6B). This is related to increasing total partial melt content in 
melanosome sampled from central exposures (Table 3.5).  Fehr leucosome samples have 
the lowest overall heavy rare earth element content, while samples of Fehr granite 
melanosome are relatively most enriched (Fig. 3.5A). This correlates with the trend of 
decreasing rare earth element content (Fig. 3.6A) and U and Th content (Fig. 3.6B) of 
melanosome samples storing relatively higher volumes of partial melt (section 3.5.2).  
 
3.6 Modeling of Partial Melting Processes 
 Based on mineral assemblages presented in table 3.4, models of disequilibrium 
batch melting were generated to model the production of partial melt from Fehr granite 
during eutectic partial melting, following the methods described by Sawyer (1991). The 
estimated percent of partial melting (Table 3.5) appears to correlate with the production 
of Na- or K-dominated melts (Fig. 3.9). Estimates of the greatest value for the percent of 
partial melt are up to 42 volume percent in the center part of the exposure area (Table 
3.5). Maximum values for leucosome production via eutectic melting are 21 volume 
percent (Table 3.5). This variation appears to have a fundamental effect on the 
concentrations of rare earth elements (Fig. 3.5A) and immobile trace elements (Fig. 
3.6A) in samples of leucosome generated from peritectic partial melting reactions versus 
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eutectic melting.  The results also show that the production of leucosome from eutectic 
disequilibrium batch melting dominates areas away from the central exposures, where 
garnet is a major peritectic phase. 
 The presence of zircon in samples of leucosome (Fig. 3.11A) and melanosome 
(Fig. 3.11B) suggests that Zr was saturated in both the Fehr granite and the partial melt 
derived from it. However, Zr concentration is relatively low in melanosome samples with 
higher concentrations of in-situ leucosome (section 3.5.2) and lowest in samples of 
leucosome (Fig. 3.4).  Partial melt derived from eutectic vs. peritectic melting are 
geochemically distinct in terms of the Zr concentrations as well as U,Th, Hf, Sm and the 
rare earth elements (Fig. 3.6B).  Zr concentrations in samples of paleosome, melanosome 
and leucosome should generally reflect the bulk magma composition. However, 
inheritance of xenocrystic grains by partial melts migrating through melanosome, 
especially accessory minerals hosted between grain boundaries of matrix phases (Fig. 
3.11B) is possible.  
 The zircon saturation thermometer (Watson and Harrison, 1983) was used to 
generate maximum temperature estimates for crystallization of partial melts (leucosome) 
and crystallization of partial melting source rocks (melanosome) during migmitization of 
the Fehr granite at 1.9 Ga. This thermometer provides a check on the modeled amount of 
partial melt produced. Estimates for partial melting are in the range of ~650° C to ~750° 
C (Fig. 3.13). Samples of the crystallization temperatures of Fehr granite protolith are 
~800° C. These estimates match those of other workers for anatexis of granitic rocks (i.e. 
Kenah and Hollister, 1983) and temperature estimates of ≥800° C during metamorphism 
of Chipman mafic dikes in the Chipman tonalite (Williams et al., 1995) and estimates 
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from the Fehr granite of ≥750°C (Flowers et al., 2006a). 
 The volume and composition of partial melt generated from partial melting of the 
Fehr granite does appear to vary from the center of the exposure area to the north and 
south. This variation appears to correlate with the dominance of eutectic or peritectic 
melting, alkaline element content of the protolith, accessibility of accessory minerals as a 
source of trace and rare earth elements, and the volume percent of partial melting. 
Additionally, preliminary estimates of the temperatures associated with crystallization of 
Fehr granite protolith rocks for partial melt generation match the results for metamorphic 
temperatures at 1.9 Ga by previous workers in the region. 
 
3.7 Discussion 
 Variation in the trace and rare earth element concentrations in Fehr granite 
leucosome is controlled by: 1) the dominance of biotite-consuming, garnet-producing 
peritectic dehydration melting or disequilibrium eutectic melting, 2) the relative volume 
of partial melt produced during migmitization, 3) the concentration of sodium versus 
potassium in the Fehr granite protolith, 4) the accessibility of trace and rare earth 
elements stored in accessory minerals, and 5) the influence of volatiles provided by 
eutectic dehydration melting reactions.  Fehr leucosome samples from northern and 
southern ends of the Fehr granite exposure have very low concentrations of V, Cr, Ti and 
Y (Table 3.2A), elements that are preferentially partitioned into ferromagnesian 
minerals. What is not expected is that these leucosomes have overall lower rare earth 
element concentrations than the melanosome from which they were generated. This 
suggests that these leucosomes did not equilibrate with the source during partial melting.  
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One potential mechanism for prevention of reaching equilibrium is relatively rapid 
removal of partial melt from the site of generation. This could prevent mobile elements 
from having the opportunity to diffuse into partial melts. 
 The opposite trend is reflected in leucosome samples from central exposures, 
where garnetiferous melanosome is present. These samples are enriched in metallic 
elements like V, Cr, and Ni (Table 3.2A) compared even with samples of Fehr granite 
paleosome. Leucosomes produced from peritectic melting reactions also show more 
similar rare earth elements abundances (Fig. 3.5A) and trace element concentrations (Fig. 
3.5B) (Table 3.2A) to genetically related melanosome compared with leucosomes 
produced from eutectic melting. Relatively rapid extraction of partial melt, generated by 
eutectic melting, as described by Sawyer (1991), would be consistent with these trace and 
rare earth element concentrations. Rapid extraction could be at least partly responsible for 
the relative depletion in the rare earth elements because segregation occurred before 
diffusive exchange between the residuum and the leucosome could take place.  
 Introduction of volatiles provided by metamorphism of the Chipman mafic dikes 
(Williams et al., 1995; Flowers et al., 2008) may have lowered the solidus of the Fehr 
granite, facilitating eutectic melting. The influx of volatiles could enhance eutectic 
melting such that the reaction albite + K-feldspar + quartz + H2O = granitic melt 
(Thompson and Tracey, 1979) was more feasible at temperatures of ~800° C (Fig. 3.13). 
Additionally, an influx of ~2 – 4 weight percent H2O might promote a hybrid peritectic-
batch melting reaction, such as that proposed by Gardien and others (1999): 
 
quartz + biotite + plagioclase + alkali feldspar + H2O = garnet + amphibole + melt  
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This reaction has been experimentally demonstrated to produce granitic partial melts with 
major element geochemistry that matches Fehr granite leucosomes sampled from central 
exposures (Fig. 3.3, 3.4) (Table 3.2A). 
 The positive P anomaly in eutectic Fehr granite leucosome (Fig. 3.5B), relatively 
low concentrations of La-Sm and Gd-Lu (Fig. 3.5A), relatively low concentrations of Hf, 
Zr, Y, Th, and U (Fig. 3.5B), and a positive Eu anomaly (Fig. 3.5A) are consistent with 
the observations of Bea and others (1994) and Bea (1996) regarding trace and rare earth 
element concentrations that are lower than expected from experimentally determined 
monazite, zircon, and apatite solubilities (Watson et al., 1989). Bea (1996) suggested that 
the trace and rare earth element signatures described above are likely related to the 
greater availability of apatite compared with other accessory phases such as zircon and 
monazite during migmatization. In the Fehr granite, zircon, monazite and apatite are 
present in melanosome and leucosome samples. However, trace element and rare earth 
elements listed above are significantly lower in concentration than in the melanosome.  
The work of Bea (1996) suggested that shielding of accessory minerals by major phases 
and fast melt extraction were considered to be relatively insignificant. Additionally, trace 
and rare earth element signatures (positive P and Eu anomaly and low concentrations of 
La-Sm, Gd-Lu, Zr, Y, Th, and U) was also considered to be restricted to small volumes 
of leucosome. Evidence from Fehr granite leucosome suggests that these signatures are 
characteristic of a large volume of leucosome from veins, dikes and ponds of granitic 
partial melt generated by eutectic melting. This indicates that the mechanisms of 
shielding mineral phases such as zircon and apatite, which tend to store high 
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concentrations of rare earth elements, by major phases in the the Fehr granite protolith 
and melanosome and relatively fast extraction of batch partial melts played a significant 
role in the availability of trace elements and rare earth elements to the leucosome. 
 The role of feldspars in the protolith during the generation of partial melt appears 
to depend both on the temperature at which partial melting occurs, percent of partial 
melting, and the dominant partial melting reaction.  In the course of eutectic partial 
melting, K-rich feldspars breakdown first, followed by Na and Ca-feldspars (Thompson 
and Tracey, 1979).  The enrichment of K over Na in Fehr granite leucosome from the 
northernmost areas of the Fehr granite, as compared with leucosome samples from the 
central areas that are Na-dominated may be due to the dominance of peritectic garnet-in 
melting reactions in the center of the exposure area.  Fehr granite melanosome from the 
northernmost exposures appears to have stored, on average, less partial melt. This 
suggests that partial melt produced in these areas was evacuated more efficiently.  
Leucosome sampled from veins in outlying regions are relatively enriched in potassium 
and trace elements such as Rb and Ba that prefer to associate with K over Na (Fig. 3.3).  
Na-dominated leucosomes from central exposures are produced from Fehr granite 
melanosome that lost ≥40 volume percent partial melt (Table 3.5).  Somewhat contrary to 
the conclusions of Bea (1996), it appears that even at this degree of partial melt 
generation, shielding of accessory minerals by major phases, and rapid extraction of 
partial melt are significant controls on the composition of leucosome. 
 The growth of peritectic garnet during partial melting produced leucosomes with 
characteristics more similar to the Fehr granite protolith, especially in terms of the most 
mobile elements (Fig. 3.6A).  Disequilibrium eutectic melt reactions, due to some influx 
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of volatiles from an external source and in-situ congruent biotite dissolution (Barbey, 
2007), in the northernmost and southernmost parts of the Fehr granite produced partial 
melts that were rapidly segregated from their sites of generation. Due to the short 
timescale available for diffusive interaction, trace and rare earth element concentrations 
in the composition of these leucosomes were controlled by the degree of partial melting 
in the parent and the relative concentration of K vs. Na vs. Ca in the parent.  These 
observations suggest that local variability in temperatures and volatile concentrations 
have important controls on the chemical evolution of felsic partial melts and the 
likelihood of extraction from the protolith. The distinct positive europium anomaly 
associated with Fehr granite leucosome from northern and southern exposures is directly 
related to the degree of partial melting of alkali and plagioclase feldspar in Fehr granite 
protolith (Fig. 3.6A). 
 Differences in the concentration of the most mobile elements between Fehr 
leucosome derived from a garnet-absent Fehr granite protolith can be directly attributed 
to the relative abundances of potassic vs. sodic feldspar (Fig. 3.6A).  The relative 
enrichment of samples in Ba compared to chondrite (Fig. 3.6A,B) can be attributed to the 
abundance of Na- or K-rich feldspar in the Fehr granite.  Barium content broadly matches 
the expected values for average continental crust (Fig. 3.5B) with the exception of Fehr 
leucosome derived from garnet-absent Fehr granite melanosome, which is relatively Ba-
rich due to the abundance of alkali feldspar. High concentrations of P and Eu (Table 
3.2B and Fig. 3.6A) combined with low concentrations of the rare earth elements, Zr, Th, 
and U in Fehr granitic leucosome suggest that these trace elements remained largely 
within the restitic portions of the Fehr granite migmatite. Despite the relative 
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homogeneity of the Fehr granite paleosome throughout the region, two distinct in-situ 
melting reactions generated markedly distinct sets of Fehr melanosomes and leucosomes 
with unique trace and rare earth element characteristics.   
 
3.8 Conclusions 
 This study demonstrates that leucosome composition in the Fehr granite 
migmatite was controlled by five factors: 1) that each the growth of peritectic phases, 
especially garnet and plagioclase, in melanosome during partial melting, 2) the 
dominance of potassium vs. sodium in feldspars preserved in the protolith, 3) the volume 
percent partial melt of the protolith from which leucosome was generated, 4) the 
availability of accessory minerals as a source for trace elements in rare earth elements, 
either by dissolution of inheritance, and 5) the influence of volatiles provided by 
dehydration melting of hydrous phases. Migmitization of the Fehr granite provides an 
excellent model for the production and geochemical evolution of felsic partial melts in 
the lowermost crust. This work further suggests that there is a direct link between the 
degree of partial melting, the timing of partial melt generation and subsequent extraction 
from the protolith, and the trace element and rare earth element concentrations in the 
leucosome. Elevated temperatures in the deep crust make the region an excellent 
environment for partial melting, but fertile rocks and a source of volatiles is essential.  
Possible melting reactions must be identified on the basis of paleosome-melanosome-
leucosome mineral assemblages in order to recognize the processes that controlled 
leucosome composition in specific systems. 
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Table 3.1: Migmatite Terminalogy (continued on next page). 
Term Description Expected Textures Geochemical Characteristics 
Pertinent 
References 
Migmatite 
A composite rock found in 
medium- to high-grade 
metamorphic environments that is 
heterogeneous on both the 
microscopic and macroscopic 
scale and consists of at least two 
petrographically different, but 
petrogenetically parts that are 
related by partial melting. 
Variation in the concentration of 
dark and light colored parts of a 
migmatite occurs at the outcrop to 
thin section scale and typically 
varies significantly spatially (see 
terms below). 
Geochemical signatures vary 
significantly depending on the 
preservation of primary 
assemblages and generation of  
new assemblages due to 
metamorphic reactions and 
crystalization of new igneous 
minerals from partial melts. 
Sawyer, 2008 
Anatexis 
Process of generating partial melt 
during prograde metamorphic 
reactions. 
Primary textures in the parent 
rock or protolith (see below), the 
degree of partial melting, and 
presence or absence of 
deformation synchronous with 
partial melting lead to significant 
textural variability. 
Composition of the protolith, the 
main partial melting reaction(s), 
and dominance of open- or 
closed-system processes lead to 
geochemical diversity at the 
regional to thin section scale. 
Dietrich and 
Mehnert, 1961 
Protolith 
Parent rock in a region of 
metamorphism that can be linked 
to rocks that have experienced 
conditions leading to partial 
melting. 
This rock must retain primary 
macroscopic and microscopic 
characteristics as related to the 
conditions that generated new 
metamorphic features in 
genetically related rocks. 
Metamorphic processes must not 
have influenced the protolith in 
any way such that geochemistry 
reflects primary solidification 
(igneous or metamorphic parent) 
or lithification (sedimentary 
parent). 
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Table 3.1: Continued next page. 
Term Expected Field Observations Expected Textures Potential Geochemical Effects 
Pertinent 
References 
Paleosome 
The portion of a migmatite that 
was not affected by any anatectic 
processes and can be directly 
linked with the protolith (if 
available). 
Textures should be largely 
unchanged or only slightly 
modified by solid state processes. 
As with the protolith, 
metamorphic processes must not 
have affected the composition of 
the rock. 
Read, 1957 
Neosome 
The constituent of a migmatite 
that is generated during anatexis 
and contains at least two 
constituents: a fraction derived 
from the crystalization of partial 
melt and a fraction that did not 
breakdown during metamophic 
reactions. Neosome can contain 
variable amounts of each 
melanosome, leucosome, 
residuum and paleosome. 
Textural features in the neosome 
will directly relate to the degree 
of partial melting, the relative 
mobility of partial melt, and the 
degree of syn-anatectic 
deformation of the migmatite.  
Geochemical characteristics of 
the neosome are dependent on the 
relative fertility of the protolith 
and the dominant partial melt-
producing reaction(s). 
Geochemical features are 
typically discussed in terms of the 
separate constituents of the 
neosome. 
Sawyer, 2008 
Melanosome 
The portion of the neosome that 
consists dominantly of dark 
minerals such as biotite, 
hornblende, and garnet. This 
portion can also contain some 
primary minerals that were not 
completely consumed during 
partial melting and new minerals 
that grew as solid products of 
partial melting reactions, thus 
were not removed with the partial 
melt. 
Primary features can be preserved 
in the melanosome, but this 
greatly  depends on the degree of 
partial melting. Igneous 
microstructures are more likely to 
be preserved than sedimentary 
structures. Textures are 
dominated by the reorganization 
of residual minerals after the 
escape of partial melt. Partial melt 
that did not leave the neosome 
often defines texture relative to 
melanosome constituents.  
Constituents of the melanosome 
are dominantly the portion of the 
paleosome that was either in 
excess or did not experience 
sufficient temperatures to 
breakdown during metamorphic 
reactions.  Melanosome is 
therefore characterized by relative 
enrichment in immobile elements. 
Kenah and 
Hollister, 1983; 
Vernon, 1986; 
Sawyer, 2008; 
Vernon and others, 
2003 
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Table 3.1: Continued next page. 
Term Expected Field Observations Expected Textures Potential Geochemical Effects 
Pertinent 
References 
Residuum 
This term is broadly 
synonymous with the term 
melanosome, but does not have 
any connotation related to the 
type or color of minerals that 
might be present.  Essentially,  
this is the portion of the 
migmatite from which partial 
melt has been generated and 
subsequently removed. 
As with the description of 
melanosome (above), textures 
should represent the relative 
refractory nature of minerals 
that did participate in partial 
melting processes.  Textures are 
dominantly defined by the 
mineralogical differences 
between residual components 
and the variable volume percent 
of partial melt that was not lost. 
Depending on the initial 
composition of the protolith, the 
type of prograde partial melt 
reaction(s) involved, the 
relative impact of retrograde 
metamorphism, the 
geochemical features of the 
residuum can vary significantly. 
In some leucocratic rocks, 
major element geochemistry 
cannot deliniated residuum 
from leucosome. In these cases 
inferences must be made from 
trace element characteristics or 
textural features. 
Chappel and 
White, 1991; 
Guernina and 
Sawyer, 2003; 
White and others, 
2004; Sawyer, 
2008 
Leucosome 
The portion of a migmatite that 
is typically light colored, 
quartzofeldspathic material that 
is the crystalized remains of the 
liquid part of the partial melt. 
Leucosomes can be divided into 
three subcatagories; a) in-situ: 
segregated from the residuum, 
but still remaining at the site of 
generation, b) in-source: partial 
melt that has migrated, but still 
remains generally connected 
with its source area, c) 
segregated: partial melt that has 
migrated away from its source 
and is stored in a part of the 
migmatite to which it is not 
directly related genetically. 
Leucosome textures vary 
significantly based on the 
volume of partial melt produced 
and the degree of segregation 
from its generation site. 
Typically textures within the 
leucosome reflect crystalization 
from a melt, while broader 
textures such as the collection 
of partial melt in veins, dikes, 
or patches relate to the relative 
mobility of the partial melt.  
Geochemically, partial melts 
represent the most evolved 
constituents of a migmatite and 
correspond to the composition 
of the anatectic liquid or a 
somewhat fractionated 
composition if crystallization 
has begun. Leucosome is 
expected to be relatively 
enriched in the mobile 
elements, though concentrations 
of major, trace, and rare earth 
elements vary greatly 
depending on a series of factors 
(see sections 4.2 and 4.6).  
Sawyer and others, 
1987; Collins and 
Sawyer, 1996; 
Vernon and others, 
2003 
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Table 3.1: Continued next page. 
Term Expected Field Observations Expected Textures Potential Geochemical Effects 
Pertinent 
References 
Boundary 
Film 
The presence of grain boundary 
melt films, typically on the micron 
scale, are evidence for incipient 
melting. These can be preserved as 
glasses, but are more commonly 
replaced by a single dominant 
phase from the leucosome 
Grain boundary melt films are  
observed in the melanosome, 
especially where higher volumes 
of leucosome remain trapped. 
Studies of grain boundary-melt 
geometries and interconnectedness 
are useful for estimating interfacial 
energies and textural equilibrium. 
Glassy grain boundary melt films 
are useful for placing constraints 
on the chemistry of partial melts.  
While these are less commonly 
preserved, replacement of these 
glasses by crystalline phases in 
also important for understanding 
the evolution of partial melts. 
Hollness and 
Clemmens, 1999; 
Hollness and 
others, 2005 
Vein or 
Stringer 
Quartzofeldspathic leucosome that 
has been extracted from its site of 
generation often appears initially 
as discontinuous stringers and can 
become interconnected as veins or 
larger dikes as the relative volume 
of partial melt increases.  
The continuity of the leucosome 
directly relates to the degree of 
partial melting and are important 
for constraining the relative 
volume of partial melt generated 
during migmatization. Veins and 
dikes of leucosome are useful 
features for understanding the 
pathways, and, therefore, the 
relative stresses involved with 
channeling partial melt away from 
the melanosome. 
Leucosome sample from veins that 
can be petrographically connected 
to generation sites can be 
geochemically useful for 
constraining the melt products of 
partial melting. 
Sawyer, 2001; 
Sawyer, 2008 
Schlieren 
This term refers to compositional 
banding produced during melt 
assisted creep of a leucosome-rich 
melanosome 
Schlieren structures are useful in 
understanding the mechanics and, 
potentially, kinematics associated 
with flow during migmitization. 
Schlieren tend to be geochemically 
complex due to efficient mingling 
of leucosome and restitic portions 
of a migmatite. However, these 
features are typically rich in 
accessory minerals and commonly 
mimic bulk compositions of 
residual rocks. 
Milford and 
Sawyer, 2003 
Selvedge 
A rim of rock at the inteface 
between compositionally distinct 
migmatite constituents. 
Texturally these features indicate 
disquilibrium between 
constituents, typically leucosome 
and host rocks. 
Selvedge rinds indicate either fluid 
mitigated reactions or diffusional 
exchange between compositionally 
disparate components. 
Sawyer, 2008 
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Table 3.2A:Geochemistry for the Fehr Granite (Continued next page).   
  Fehr granite - Chipman mafic magma mingling (continued next page) 
sample 09K-013a 09K-013c 09K-020b 09K-036b 09K-072b 08K-004 
lake No-Name No-Name No-Name No-Name Fehr Steinhauer 
 SiO2   71.70 67.08 63.12 67.35 62.89 66.07 
 Al2O3   15.59 15.68 14.40 15.09 14.96 14.45 
 Fe2O3   1.37 4.97 8.63 5.27 8.24 7.55 
 MnO   0.02 0.05 0.11 0.07 0.11 0.13 
 MgO   0.60 1.10 1.77 1.05 1.57 1.59 
 CaO   2.07 3.49 4.14 3.25 4.46 2.84 
 Na2O   4.05 3.90 3.99 3.89 4.38 4.52 
 K2O   4.54 2.99 2.37 3.38 2.85 2.01 
 TiO2   0.19 0.74 1.30 0.76 1.22 1.09 
 P2O5   0.08 0.21 0.41 0.23 0.38 0.36 
 Total   100.21 100.21 100.24 100.34 101.07 100.61 
 V   20 68 94 63 87 85 
 Cr   18 35 32 28 31 33 
 Ni   9 12 15 10 14 16 
 Zn   22 75 93 82 110 69 
 Ga   15 20 21 19 21 18 
 Rb   69.8 60.8 52.8 67.3 53.6 50.6 
 Sr   523 321 290 320 312 299 
 Y   1.6 15.7 32.7 18.6 30.0 25.0 
 Zr   128 350 331 352 368 296 
 Nb   1.7 12.5 18.6 15.2 18.0 13.9 
 Ba   1287 1488 910 1644 1201 681 
 La   43 111 52 38 56 57 
 Ce   82 227 117 73 123 125 
 Pb   19 17 10 12 16 6 
 Th   14 19 5 2 5 14 
 U   0 0 0 0 1 1 
Geochemical data produced via XRF analysis at UMass unless noted. 
*Data from Flowers et al., 2006a. 
+Data from Williams et al., 1995.  
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Table 3.2A: Continued next page.         
  Fehr leucosome (continued next page). 
sample 09K-017 09K-065a 09K-072d 09K-074 09K-079 
lake No-Name Cross Fehr Fehr Fehr 
 SiO2   71.83 75.16 68.26 75.50 77.05 
 Al2O3   15.57 13.94 17.10 14.65 13.79 
 Fe2O3   0.43 0.52 2.60 0.91 0.80 
 MnO   0.01 0.02 0.03 0.02 0.02 
 MgO   0.09 0.34 0.64 0.16 0.18 
 CaO   0.48 1.78 2.06 2.32 2.96 
 Na2O   2.92 4.54 4.81 6.15 5.20 
 K2O   9.03 3.82 4.38 0.75 0.41 
 TiO2   0.06 0.07 0.30 0.10 0.10 
 P2O5   0.02 0.12 0.09 0.04 0.01 
 Total   100.44 100.30 100.26 100.59 100.52 
 V   5 6 32 8 8 
 Cr   4 3 14 4 4 
 Ni   1 1 7 1 1 
 Zn   6 14 43 12 12 
 Ga   12 12 17 13 13 
 Rb   76.7 40.7 43.2 11.7 6.3 
 Sr   226 313 328 362 421 
 Y   0.4 4.3 6.8 1.2 0.2 
 Zr   13 23 128 39 46 
 Nb   1.0 1.2 4.4 1.0 1.6 
 Ba   2346 2170 2808 378 216 
 La   3 29 87 5 2 
 Ce   3 55 147 16 7 
 Pb   32 12 26 17 19 
 Th   0 13 18 0 1 
 U   0 0 0 0 0 
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Table 3.2A: Continued next page.          
  Fehr leucosome Fehr melanosome (continued next page.) 
sample 09K-081 08K-015C 09K-050a 09K-063 09K-065b 09K-065d 
lake Fehr Steinhauer Cross Cross Cross Cross 
 SiO2   77.49 79.25 74.16 71.97 64.20 63.62 
 Al2O3   13.08 12.03 12.74 14.24 14.95 14.73 
 Fe2O3   0.62 0.97 3.44 3.12 7.51 8.22 
 MnO   0.02 0.04 0.04 0.04 0.10 0.11 
 MgO   0.14 0.22 0.87 0.82 1.38 1.54 
 CaO   1.23 0.90 1.71 1.64 4.11 4.16 
 Na2O   4.19 3.44 3.12 3.42 3.81 4.06 
 K2O   3.53 4.10 3.84 4.90 2.90 2.51 
 TiO2   0.06 0.07 0.56 0.45 1.11 1.21 
 P2O5   0.01 0.01 0.15 0.13 0.34 0.36 
 Total   100.39 101.03 100.62 100.71 100.43 100.52 
 V   5 11 44 36 83 89 
 Cr   3 7 25 20 25 29 
 Ni   1 2 8 7 12 13 
 Zn   33 13 54 46 108 108 
 Ga   19 11 16 17 21 21 
 Rb   28.4 47.9 87.0 100.5 47.6 38.9 
 Sr   211 161 240 257 324 340 
 Y   31.1 3.2 9.7 8.8 23.7 27.5 
 Zr   107 155 205 189 318 335 
 Nb   22.3 0.9 8.9 7.8 15.0 16.5 
 Ba   1000 986 1235 1372 1551 1325 
 La   6 54 58 76 41 54 
 Ce   16 106 113 149 88 111 
 Pb   35 20 18 21 13 13 
 Th   15 16 8 15 1 2 
 U   14 0 0 2 0 0 
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Table 3.2A: Continued next page.         
  Fehr melanosome 
sample 09K-073 09K-091d 08K-009A 08K-009C 08K-012B 
lake Fehr Fehr Steinhauer Steinhauer Steinhauer 
 SiO2   63.25 62.14 74.52 66.62 60.05 
 Al2O3   14.70 14.86 13.66 15.69 14.55 
 Fe2O3   8.94 9.61 3.18 6.55 10.73 
 MnO   0.11 0.12 0.08 0.10 0.16 
 MgO   1.71 1.93 0.43 1.13 2.23 
 CaO   4.53 5.13 2.71 2.64 4.39 
 Na2O   3.95 4.16 4.74 4.98 4.18 
 K2O   1.55 0.97 0.84 2.04 2.04 
 TiO2   1.35 1.48 0.39 0.87 1.52 
 P2O5   0.41 0.48 0.12 0.25 0.47 
 Total   100.51 100.88 100.67 100.87 100.34 
 V   97 104 38 70 114 
 Cr   36 39 16 26 51 
 Ni   16 17 5 12 22 
 Zn   116 119 46 120 118 
 Ga   21 21 15 20 22 
 Rb   35.0 24.6 21.3 60.8 43.7 
 Sr   330 324 290 275 305 
 Y   33.1 36.0 11.9 14.5 35.3 
 Zr   407 399 193 331 386 
 Nb   19.6 19.6 8.5 14.8 18.8 
 Ba   766 421 711 1676 696 
 La   50 53 25 22 61 
 Ce   120 131 54 47 137 
 Pb   17 14 12 14 10 
 Th   7 6 6 1 2 
 U   0 0 0 0 0 
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Table 3.2A: Continued next page.        
  Fehr paleosome 
Garnetiferous Fehr melanosome 
(continued next page) 
sample 09K-072a 08K-011B 08K-012 08K-015A 08K-016 
lake Fehr Steinhauer Steinhauer Steinhauer Steinhauer 
 SiO2   61.54 64.39 62.59 64.38 66.77 
 Al2O3   14.25 15.36 15.18 15.32 14.53 
 Fe2O3   10.20 7.54 8.43 7.92 6.65 
 MnO   0.12 0.12 0.15 0.12 0.11 
 MgO   1.92 1.20 1.56 1.46 1.08 
 CaO   4.50 4.12 3.87 4.17 3.40 
 Na2O   3.70 4.06 4.20 3.93 3.81 
 K2O   2.47 2.68 2.09 1.93 3.33 
 TiO2   1.48 1.07 1.18 1.17 0.96 
 P2O5   0.46 0.33 0.38 0.33 0.29 
 Total   100.63 100.87 99.65 100.73 100.92 
 V   104 77 93 86 66 
 Cr   38 26 37 36 29 
 Ni   17 11 15 13 11 
 Zn   132 105 100 96 97 
 Ga   22 20 21 20 19 
 Rb   52.7 45.3 49.8 43.4 43.3 
 Sr   299 319 345 343 321 
 Y   33.8 23.7 27.4 20.2 20.7 
 Zr   439 273 361 390 352 
 Nb   20.7 15.4 16.4 17.9 16.2 
 Ba   907 1354 1060 1198 2040 
 La   71 35 52 44 59 
 Ce   156 74 112 89 110 
 Pb   14 12 10 7 18 
 Th   6 1 2 1 5 
 U   1 0 0 0 0 
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Table 3.2A: Continued next page.           
    
Granulite Chipman dikes with 
Leucosome* 
Granulite Chipman dikes 
with no leucosome* 
sample 08K-017  O2-125    O2-58    99B-15    O2-112   
 SZ00-
182A   
lake Steinhauer  Steinhauer   Chipman  
 
Steinhauer  
 
Steinhauer    Chipman 
 SiO2   66.31 52.21 51.13 51.71 50.96 51.31 
 Al2O3   15.39 11.97 11.49 12.65 13.86 13.23 
 Fe2O3   6.71 17.46 19.46 16.18 13.48 16.15 
 MnO   0.08 0.21 0.26 0.27 0.22 0.23 
 MgO   1.16 4.36 3.26 4.89 7.10 5.34 
 CaO   2.93 9.04 7.77 8.92 11.45 9.57 
 Na2O   4.83 1.53 2.21 1.88 1.90 2.12 
 K2O   2.16 1.12 1.13 1.02 0.09 0.73 
 TiO2   0.98 1.92 2.50 1.78 0.72 1.53 
 P2O5   0.27 0.18 0.30 0.17 0.05 0.20 
 Total   100.82 100.23 99.73 100.06 99.47 100.24 
 V   82 398 278 322 270 344 
 Cr   42 24 -20 46 119 90 
 Ni   5 46 29 50 79 56 
 Zn   85 137 150 107 86 79 
 Ga   21 21 20 18 15 17 
 Rb   50.8 14.6 31.5 15.9 3.0 16.4 
 Sr   276 89 136 203 70 150 
 Y   11.0 34.8 44.9 24.6 19.2 30.3 
 Zr   331 165 211 115 38 123 
 Nb   19.5 11.1 13.0 13.8 4.9 6.9 
 Ba   1314 142 287 169 25 231 
 La   14 16 27 18 2 17 
 Ce   22 37 59 37 5 37 
 Pb   14 0 8 0 0 0 
 Th   9 5 5 2 0 2 
 U   2 2 3 1 0 0 
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Table 3.2A: Continued next page.       
  
Granulite Chipman dikes with no 
leucosome* 
Hb-Pl    
dikes* 
Pl-rich 
dikes* 
sample 
SZ00-
182B 
 SZ00-
201A   
 SZ00-
186A    O2-123B  
 SZ00-
200A   
lake  Chipman  Chipman   Chipman  
 
Steinhauer   Chipman   
 SiO2   50.52 50.93 49.90 48.27 49.60 
 Al2O3   15.54 14.71 13.32 13.12 17.30 
 Fe2O3   13.27 14.48 16.86 16.58 9.95 
 MnO   0.19 0.20 0.25 0.23 0.16 
 MgO   6.04 5.59 5.72 5.38 7.10 
 CaO   10.46 9.31 9.90 9.61 11.76 
 Na2O   2.07 3.00 2.34 2.46 2.11 
 K2O   0.70 0.64 0.24 1.31 0.57 
 TiO2   1.22 1.17 1.40 1.82 0.58 
 P2O5   0.15 0.11 0.11 0.17 0.04 
 Total   100.03 99.99 99.71 99.76 100.35 
 V   279 251 314 347 187 
 Cr   158 26 24 107 214 
 Ni   88 64 46 72 89 
 Zn   96 67 96 112 63 
 Ga   16 20 17 18 14 
 Rb   19.5 18.0 2.8 29.8 15.9 
 Sr   170 262 85 115 182 
 Y   24.3 21.7 31.3 33.4 11.3 
 Zr   102 74 84 115 35 
 Nb   6.0 3.8 5.7 7.5 3.2 
 Ba   225 219 27 160 87 
 La   13 10 6 13 3 
 Ce   28 21 15 23 7 
 Pb   0 0 0 5 0 
 Th   1 1 1 1 0 
 U   1 7 0 0 1 
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Table 3.2A: Continued next page.            
  Undifferentiated migmatitic Chipman dikes+ (continued next page). 
sample W2-41 M112-D W2-36A W2-26 M2479B M112-2 
lake Woolheather Woolheather Woolheather Woolheather Woolheather Woolheather 
 SiO2   49.26 49.69 49.06 51.52 49.61 51.63 
 Al2O3   12.97 13.54 12.85 13.10 16.33 14.28 
 Fe2O3   16.95 15.34 18.28 16.05 11.80 14.17 
 MnO   0.22 0.21 0.29 0.22 0.19 0.22 
 MgO   5.13 6.20 5.57 4.72 8.48 5.65 
 CaO   9.16 9.90 10.09 8.88 10.87 9.52 
 Na2O   2.46 2.65 1.85 2.61 2.11 2.53 
 K2O   0.49 0.75 0.31 0.90 0.38 0.62 
 TiO2   3.09 1.31 1.83 1.78 0.60 1.46 
 P2O5   0.34 0.11 0.16 0.18 0.05 0.14 
 Total   100.07 99.70 100.29 99.96 100.42 100.22 
 V   437 333 402 335 182 312 
 Cr   68 134 111 25 132 111 
 Ni   66 116 67 52 165 73 
 Zn   136 97 141 135 86 127 
 Ga   24 17 20 19 15 21 
 Rb   6.7 8.2 6.4 19.9 6.9 20.8 
 Sr   136 140 118 226 160 172 
 Y   52.5 27.7 33.0 24.5 12.6 24.6 
 Zr   212 76 117 139 47 115 
 Nb   12.6 3.8 7.0 11.9 2.1 7.6 
 Ba   56 68 60 230 72 184 
 La   13 5 4 20 9 12 
 Ce   37 13 21 46 10 30 
 Pb   3 2 2 7 3 5 
 Th   1 0 0 2 0 2 
 U   1 1 1 1 0 1 
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Table 3.2A: Continued.      
  
Undifferentiated migmatitic Chipman 
dikes+ (continued). 
sample M2432B M2432C 08K-015B 
lake Woolheather Woolheather Steinhauer 
 SiO2   43.23 50.97 50.38 
 Al2O3   16.91 13.22 14.43 
 Fe2O3   16.86 17.52 13.48 
 MnO   0.25 0.34 0.24 
 MgO   9.32 5.12 5.94 
 CaO   11.43 9.34 10.83 
 Na2O   1.02 1.27 2.85 
 K2O   0.18 0.22 1.08 
 TiO2   1.19 1.68 1.18 
 P2O5   0.13 0.16 0.10 
 Total   100.52 99.84 100.52 
 V   232 375 283 
 Cr   129 109 102 
 Ni   104 64 61 
 Zn   132 134 114 
 Ga   16 17 17 
 Rb   2.0 2.2 8.3 
 Sr   267 112 184 
 Y   32.4 31.1 17.0 
 Zr   75 109 76 
 Nb   8.8 9.1 7.2 
 Ba   15 27 117 
 La   5 6 6 
 Ce   10 18 23 
 Pb   3 3 8 
 Th   0 1 2 
 U   1 0 0 
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Table 3.2B: Trace Element and REE Geochemistry of Representative Fehr Migmatite 
(Continued on next page). 
sample   09K-017 09K-
074 
08K-015C 09K-
050A 
08K-012B 09K-
072A 
08K-016 
lake   NoName Fehr Steinhauer Cross Steinhauer Fehr Steinhauer 
 SiO2   Wt.% 71.83 75.5 79.25 74.16 60.05 61.54 66.77 
 Al2O3   Wt.% 15.57 14.65 12.03 12.74 14.55 14.25 14.53 
 Fe2O3   Wt.% 0.43 0.91 0.97 3.44 10.73 10.2 6.65 
 MnO   Wt.% 0.01 0.02 0.04 0.04 0.16 0.12 0.11 
 MgO   Wt.% 0.09 0.16 0.22 0.87 2.23 1.92 1.08 
 CaO   Wt.% 0.48 2.32 0.9 1.71 4.39 4.5 3.4 
 Na2O   Wt.% 2.92 6.15 3.44 3.12 4.18 3.7 3.81 
 K2O   Wt.% 9.03 0.75 4.1 3.84 2.04 2.47 3.33 
 TiO2   Wt.% 0.06 0.1 0.07 0.56 1.52 1.48 0.96 
 P2O5   Wt.% 0.02 0.04 0.01 0.15 0.47 0.46 0.29 
 Total   Wt.% 100.44 100.59 101.03 100.62 100.34 100.63 100.92 
         
 V   ppm 5 8 11 44 114 104 66 
 Cr   ppm 4 4 7 25 51 38 29 
 Ni   ppm 1 1 2 8 22 17 11 
 Zn   ppm 6 12 13 54 118 132 97 
 Ga   ppm 12 13 11 16 22 22 19 
 Rb   ppm 76.7 11.7 47.9 87 43.7 52.7 43.3 
 Sr   ppm 226 362 161 240 305 299 321 
 Y   ppm 0.4 1.2 3.2 9.7 35.3 33.8 20.7 
Zr ppm 17 40 190 267 513 556 452 
 Nb   ppm 1 1 0.9 8.9 18.8 20.7 16.2 
 Pb   ppm 32 17 20 18 10 14 18 
Co ppm 13 36 17 23 29 37 31 
Cu ppm < 10 < 10 < 10 20 20 30 40 
Ge ppm < 1 < 1 < 1 < 1 1 < 1 < 1 
As ppm < 5 < 5 < 5 < 5 < 5 < 5 < 5 
Mo ppm < 2 < 2 < 2 2 < 2 < 2 < 2 
Ag ppm < 0.5 < 0.5 0.6 0.9 1.7 1.8 1.4 
In ppm < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 
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Table 3.2B: Continued. 
sample   09K-017 
09K-
074 08K-015C 
09K-
050A 08K-012B 
09K-
072A 08K-016 
lake   No Name Fehr Steinhauer Cross Steinhauer Fehr Steinhauer 
Sn ppm < 1 < 1 < 1 < 1 < 1 1 < 1 
Sb ppm < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 
Cs ppm < 0.5 < 0.5 2 1.9 3.7 1.5 0.6 
Ba ppm 2590 382 1070 1320 686 890 2100 
La ppm 2.8 3.9 43.8 48.3 61.8 61.9 52.4 
Ce ppm 8.4 8.6 83.3 91.6 131 129 102 
Pr ppm 0.52 0.88 6.74 9.19 15 14.6 10.8 
Nd ppm 1.8 3.2 21.8 32.6 61.3 57.4 42.1 
Sm ppm 0.3 0.5 2.8 5.4 11.7 10.8 7.4 
Eu ppm 0.58 0.32 0.53 1.41 2.53 2.33 2.61 
Gd ppm 0.3 0.4 1.9 3.8 10.1 9.6 6.1 
Tb ppm < 0.1 < 0.1 0.2 0.5 1.4 1.3 0.8 
Dy ppm 0.2 0.2 0.8 2.3 7.3 7 4.2 
Ho ppm < 0.1 < 0.1 0.1 0.4 1.4 1.3 0.8 
Er ppm < 0.1 0.1 0.3 1 3.7 3.6 2.1 
Tm ppm < 0.05 < 0.05 < 0.05 0.12 0.52 0.5 0.3 
Yb ppm < 0.1 0.1 0.3 0.7 3.2 3.2 1.9 
Lu ppm < 0.04 < 0.04 0.06 0.11 0.5 0.48 0.3 
Hf ppm 0.5 0.9 5.9 6.4 11.7 12.8 10.7 
Ta ppm 0.3 0.4 0.6 0.7 1.4 1.3 1.6 
W ppm 130 365 190 165 133 168 231 
Tl ppm 0.3 < 0.1 0.2 0.4 0.2 0.3 0.2 
Pb ppm 35 17 23 18 11 15 20 
Bi ppm < 0.4 < 0.4 < 0.4 < 0.4 < 0.4 < 0.4 < 0.4 
Th ppm 1.3 0.7 15.6 8.8 2.3 7 6 
U ppm 0.3 0.2 0.8 1 1.2 1.8 2 
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Table 3.3: Summarized observations from whole rock geochemistry. 
●Leucosome samples from northern and southern exposures are relatively depleted in La, Ce, Nd, and Sm 
compared with all other migmatite samples, including leucosome generated during partial melting reactions 
in central exposures of the Fehr granite (Fig. 3.5A) 
● Eutectic leucosome samples have a negative P anomaly and peritectic leucosome samples have a positive 
P anomaly when normalized to chondrite (Fig. 3.5B) 
●All samples have a distinct negative P anomaly and positive Ba anomaly when normalized to chondrite 
(Fig. 3.6A) 
●Leucosome samples from northern and southern exposures have a positive Ti anomaly that contrasts with 
negative anomalies for melanosome and leucosome samples from central areas of the Fehr granite (Fig. 
3.5B) 
●All samples show progressive relative depletion from light to heavy rare earth elements but leucosome 
samples become more depleted in the heavy rare earth elements compared with melanosome (Fig. 3.5A, 
Fig. 3.6B) 
●Chondrite normalized Fehr leucosome sample from outlying regions have a positive Eu anomaly that is 
not observed in leucosome or melanosome from central areas (Fig. 3.5A) 
●Fehr leucosome is depleted in Y, Lu, Ce, Tb, Dy, Ho, Er, Tm, Yb, Lu (Fig. 3.6B) 
●Fehr melanosome most closely mimics average continental crust (Weaver and Tarney, 1984) except for a 
slightly negative Nb anomaly and slightly positive P and Ti anomaly (Fig. 3.5B) 
●Lower crust normalized Fehr melanosome and leucosome sampled from central exposures all show a 
distinct negative Sr anomaly, while Fehr leucosome from outlying areas to the north or south has a Sr 
positive anomaly (Fig. 3.5B) 
●Fehr leucosome sampled from central exposures is relatively depleted in Zr, Hf, and Sm as compared with 
all other samples (Fig. 3.5B) 
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Table 3.4: Estimates of modal mineralogy for examples of Fehr granite migmatites. 
 09K-013 leucosome 
09K-013 
restite 
09K-072 
leucosome 
09K-072 
restite 
08K-015 
leucosome 
08K-015 
restite 
quartz 24.3 23 38 33.9 52.2 35 
albite 47.5 63.5 41 62.2 39.7 37.6 
orthoclase 20.2 .5 3.8 .2 3 19 
biotite 5.4 12 14 .1 1.8 7 
hornblende 1.5 .2 1.5 2.5 2 .3 
zircon .1 .2 .2 .3 .4 .1 
apatite .4 .3 .9 .1 .1 .1 
monazite .1 .1 .1 .1 .3 .2 
sum 99.6 99.8 99.5 99.4 99.5 99.3 
 
 
 
Table 3.5: Estimates of the degree of partial melting to produce granitic leucosome. 
Sample Lake F (degree of partial melting) 
09K-013 No-Name 0.13 – 0.21 
09K-072 Fehr 0.11 – 0.42 
08K-015 Steinhauer 0.22 – 0.36 
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Figure 3.1: A) Generalized regional geologic map of the Athabasca Granulite 
Terrane (AGT after Gilboy, 1980; Hanmer, 1997; Mahan et al., 2005). The 
Snowbird Tectonic Zone forms the boundary between the deep crustal Rae and the 
mid-crustal Hearne province. B) Detailed map of Fehr granite along the eastern 
margin of the AGT. The western margin of the Fehr granite is a tectonized intrusive 
contact with the Mesoarchean Chipman tonalite batholith. The eastern margin of 
the Fehr granite is cut by the 1.85 Ga Legs Lake shear zone. Chipman mafic dikes 
strike NE-SW and are present throughout the area (Flowers et al., 2008). The most 
abundant Fehr migmatite is centered near eastern Steinhauer Lake indicated by the 
white (greatest partial melt) to red (least partial melt) color gradient. 
71 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2: A) Fehr granite protolith. B) Fehr granite melanosome with aplitic 
leucosome stringers associated with alkali feldspar megacrysts. C) Segregated 
leucosome dike associated with migmitization of the Fehr granite cross-cutting Fehr 
granite melanosome. 
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Figure 3.3: Bivariant element oxide diagrams of major element oxides versus SiO2 
and MgO for representative samples of the constituent parts of the Fehr granite 
migmatite. 
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Figure 3.4: Bivariant element diagrams of selected trace elements versus SiO2 and 
zirconium for representative samples of the constituent parts of the Fehr granite 
migmatite. 
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Figure 3.5: A) Plot of chondrite normalized rare earth elements and B) selected 
trace elements normalized to lower crust for representative constituent parts of the 
Fehr granite migmatite showing variation in the degree of partial melting and 
dominant partial melting reactions throughout the study area. 
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Figure 3.6: A) Plot of selected trace elements normalized to chondrite organizedby 
relative mobility and B) selected trace elements and REE normalized to chondrite 
displayed in order of high vs. low field strength. 
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Figure 3.7: Sodium color element map and profile of An content across a plagioclase 
grain in the quartz + biotite + hornblende + feldspar matrix of Fehr granite 
melanosome showing the effects of partial melting on feldspar phenocrysts during 
migmitization at 1.9 Ga. 
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Figure 3.8: Sodium color element map and profile of Ksp content across a section of 
Fehr granite leucosome sampled from an aplitic dike in Fehr granite restite from 
the area near No-Name Lake.  K-rich leucosome is characteristic of samples of 
veins, patches and dikes from the northern exposures of the Fehr granite migmatite 
and contrasts with Na-rich leucosomes which dominate exposures closer to 
Steinhauer Lake and Fehr Lake. 
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Figure 3.9: Potassium, calcium, and sodium color element maps across a zone of 
Fehr granite leucosome. Bright colors are indicative of higher concentrations. 
Variation in the concentration of the alkaline elements is indicative of eutectic 
melting vs. peritectic partial melting reactions in the Fehr granite migmatite. 
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Figure 3.10: Thin section photomicrographs of melt microstructures in 
representative samples of Fehr granite melanosome and leucosome: A) 
Polycrystalline aggregate of alkali feldspar + quartz + biotite hosting a subhedral 
plagioclase grain in a sample of Fehr granite melanosome with a high concentration 
of in-situ leucosome. B) Worm-like symplektites of quartz and alkali feldspar 
separating plagioclase grains in a sample of Fehr granite melanosome. C) Complex 
graphic intergrowths of alkali feldspar and quartz along grain boundaries between 
quartz and plagioclase in a sample of Fehr granite melanosome. D) Polycrystalline 
alkali feldspar glomerocryst in Fehr granite leucosome sampled from a fine grained 
granitic dike. 
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Figure 3.11: A) Overlay of monazite and zircon color element maps linked to 
locations within a thin section color element map of Na for a sample of Na-rich Fehr 
granite leucosome sampled from the area near Fehr Lake. Zircon and monazite 
grains are located in interstitial locations of quartz + biotite between anhedral 
feldspar. 
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Figure 3.11: B) Overlay of monazite and zircon color element maps linked to 
locations within a thin section color element map of Ca for a sample of megacrystic 
Fehr granite melanosome sampled from the area near Cross Lake. Zircon and 
monazite are typically located in the biotite + quartz + feldspar + hornblende matrix 
that supports large alkali-feldspar megacrysts. 
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Figure 3.12: Manganese color element map of a skeletal garnet grain with point 
locations from the relict core to rim across the grain. This sample of garnetiferous 
Fehr granite melanosome was taken from the area near the eastern arm of 
Steinhauer Lake. 
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Figure 3.13: Isotherms of zircon saturation temperature  overlain on a binary plot 
of  “M” (100[Na+K+2Ca]/[Al*Si]) vs. Zr (ppm).  Zircon saturation isotherms are 
based on Watson and Harrison (1983) and the plot-style is based on Janousek and 
others (2004). 
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CHAPTER 4 
A NEW GEOMETRY FOR SHALLOW CRUSTAL BIMODAL SYSTEMS: 
TEXTURAL AND CHEMICAL EVIDENCE FOR REPEATED ASSYMETRIC 
INJECTIONS AND EPISODIC PLUTON CONSTRUCTION 
 
 
4.1 Introduction 
 Studies of plutonic rocks along the coast of Maine have been central in 
establishing and refining the concepts of bimodal magmatism in the shallow crust 
(Chapman, 1962; Taylor and others, 1980; Stewart and others, 1988; Hill and Abbot, 
1989; Mitchell and Rhodes, 1989; Chapman and Rhodes, 1992; Wiebe, 1994; Seaman 
and Chapman, 2008).  These processes involve the interaction of near-synchronous mafic 
and felsic injections, re-working of the plutonic stratigraphy during repeated inputs of 
magma, and chemical (localized magma hybridization by diffusional exchange of mobile 
constituents) and mechanical mingling between mafic and felsic magmas (i.e. Bergantz, 
1999). The structure of bimodal plutons is a controlling factor in the development of 
continental crust and the production of major volcanic edifices in a wide variety of 
tectonic environments. Additionally, observations based on work on various plutonic 
complexes in Maine have been applied to better understand plutonism in many different 
tectonic environments such as the Caledonides of Britain, Ireland, and Norway (i.e. 
Barnes et al., 2009), the Colorado River extensional corridor in the southern Mojave (i.e. 
Walker et al., 2007), and the Sierra Nevada in northern and eastern California (i.e. 
Paterson et al., 2008).  
 Evidence for bimodal magmatism, preserved in the Gouldsboro pluton, have 
major implications for mechanisms of pluton emplacement in the shallow crust. The 
Gouldsboro pluton is located in the center of the coastal Maine magmatic province 
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(CMMP, after Hogan and Sinha, 1989) (Fig. 4.1). The pluton is exposed to provide a 
cross-sectional view of dynamic mafic-felsic magma interaction.  The regional position 
of the Gouldsboro pluton and the excellent preservation of bimodal igneous features 
allow for detailed studies that directly contribute to the current understanding of shallow 
crustal pluton construction. Outstanding issues that can be addressed include the 
predominance of mechanical vs. chemical mingling of discrete magma pulses, the degree 
of communication between chemically distinct batches of magma after emplacement, the 
importance of injection site location on magma chamber evolution, the role of intra-
plutonic dikes in magma transport within the plutonic edifice, and the influence of quasi-
sedimentary processes (i.e. Wiebe and Collins, 1998; Harper et al., 2005) on pluton 
stratigraphy.  One major issue is the role of localized magma mingling that may 
significantly affect whole-pluton structure.  Exposures within the Gouldsboro pluton 
offer an opportunity to use detailed geochemical, isotopic, and textural studies to refine 
the mafic and silicic layered intrusion model proposed by Wiebe (1996). 
 The purpose of this paper is to describe the internal structures of the Gouldsboro 
pluton that are excellent illustrations of the roles of 1) repeated injections, 2) mafic-felsic 
magma mingling, and 3) intra-chamber rock and magma remobilization. Evidence of 
bimodality in the Gouldsboro pluton is useful in understanding both the regional tectonic 
setting for plutonism along the ancient Laurentian margin as well as to refine models of 
pluton emplacement in the shallow crust.  The goals of this work are two-fold: 1) to 
integrate the Gouldsboro pluton with the suite of regional Siluro-Devonian bimodal 
systems in coastal Maine, such as the Vinalhaven pluton (Mitchell and Rhodes, 1989; 
Wiebe and Hawkins, 2000; Wiebe et al., 2007), the Deer Isle pluton (Lux et al., 2007), 
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the Isle Au Haut pluton (Chapman and Rhodes, 1992), the Cadillac Mountain intrusive 
complex (Wiebe, 1994) and volcanic rocks of the Cranberry Island Series (Seaman et al., 
1999; Seaman and Chapman, 2008), and 2) to provide evidence for new processes of 
pluton construction that further refine current models for shallow crustal bimodal 
magmatism. 
 
4.2 Tectonic Setting 
 Regional geological studies (Osberg et al., 1985; Osberg et al., 1989; Hogan and 
Sinha, 1989) suggest that the Gouldsboro pluton was emplaced during the latest Silurian 
to earliest Devonian episode of Acadian magmatism.  This is confirmed by an Rb-Sr 
(biotite-feldspar-whole rock) three-point errorchron age (Waight et al., 2002) on a diorite 
from the Gouldsboro pluton at 419 ± 17 Ma (Waight et al., 2007).  The age of the 
Gouldsboro pluton correlates with dates on the nearby Cadillac Mountain granite at 418 ± 
5 Ma by Ar-Ar methods (D. Lux, pers. comm., as reported in Seaman et al., 1995) and 
419 ± 2 by U-Pb of zircon (Seaman et al., 1995) as well as dates on the Somesville 
granite at 424 ± 12 Ma by U-Pb of zircon (Seaman et al., 1995) and an Ar-Ar date of 420 
± 5 (D. Lux, pers. comm., as reported in Seaman et al., 1995).  U-Pb of zircon dates on 
the bimodal Cranberry Island volcanic series at 424 ± 2 Ma (Seaman et al., 1995) and a 
tuff from the Vinalhaven rhyolite at 421 ± 2 Ma (Hawkins et al., 2002) also correlate with 
the age of the Gouldsboro pluton.  The CMMP, which overlaps the structurally defined 
coastal lithotectonic belt (Osberg et al., 1985), is bounded on the southeast by the 
Atlantic Ocean and on the northwest by the Norumbega fault zone (Osberg et al., 1995; 
West, 1999) (Fig. 4.1).  The CMMP is comprised of hundreds of thousands of km3 of 
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intrusive and extrusive material emplaced during a period of <100 Ma.  The ~250 km2 
Gouldsboro pluton is a microcosm of the CMMP that preserves evidence of extensive 
physical and chemical interaction between mafic and felsic magmas. 
 Osberg and others (1985) and Hogan and Sinha (1989) recognized the large 
volume of plutonic and volcanic rocks throughout eastern coastal Maine as a unique 
feature of the Acadian orogeny at this latitude.  Hogan and Sinha (1989) considered the 
type of tectonic environment that led to bimodal magmatism across a wide range of 
pluton compositions in the region.  They concluded that melting at different crustal 
levels, melting of different source rocks, or varying degrees of crustal anatexis.  
Additionally, Hogan and Sinha (1989) considered the possibility that crustal melts were 
variably contaminated by mantle-derived partial melts.  
 The nature of the tectonic setting that dominated the ancient North American 
margin over the last 500 million years has been the subject of many studies (i.e Bottino et 
al. 1965; Bradley, 1983; Robinson et al., 1998; Schoonmaker et al., 2005), especially 
with regard to the number of active subduction zones over the course of the Acadian 
orogeny and the polarity of subduction at the latitude of New England (Fig. 4.2).  
Regardless of the preferred tectonic model, it is well established that the basement of 
coastal Maine was added to the eastern margin of Laurentia during the Acadian orogeny 
(West et al, 1992; 1995), and is considered by many workers to have a peri-Gondwanan 
affinity (Bradley, 1983; Osberg et al., 1989; Ludman et al., 1993; Bradley et al., 1996; 
Robinson et al., 1998; Tucker et al., 2001; Bradley and Tucker, 2002). 
 Isotopic and field studies by West and others (1992 and 1995) refined earlier 
estimates of the timing of accretion during the Acadian orogeny.  This work also 
88 
 
supported previous interpretations (Stewart et al., 1995; Osberg et al., 1995) of the 
structural importance of the Senebec Pond fault zone (Fig. 4.1) as the suture between 
Acadian and Ganderian crustal materials, although both crustal blocks are considered to 
have a peri-Gondwanan affinity.  A tectonic setting that could have produced 
asthenospheric upwelling and partial melting of the lower crust, such as that proposed by 
Bradley (1983) (Fig. 4.2), might explain isotopic and geochemical heterogeneities in the 
Gouldsboro pluton.  This model would also account for high partial melt production and 
the transfer of heat and partial melt upward through the crustal column.  Availability of 
partial melt and heat are both essential for the multiple-injections that appear to have 
been the dominant mechanism for pluton growth.  Broadly, these concepts also match the 
more recent proposal of upwelling via slab break-off at this latitude (Schoonmaker et al., 
2005). 
 
4.3 Methods of Qualitative and Quantitative Analysis 
 The field relations that provide the fundamental background for this work were 
established based on detailed mapping, described by Koteas and Seaman (2007a) and 
unpublished mapping by R.A. Gilman (ca. 1985).  Thin sections for petrography and 
electron probe microanalysis (EPMA) and samples for bulk elemental analyses were 
prepared and analyzed in the Department of Geosciences at the University of 
Massachusetts (UMass Geosciences).  Textures and modal mineralogy of over 40 thin 
sections and element mapping and mineral analyses on select samples were produced on 
a Cameca SX-50 electron microprobe under the guidance of Dr. Michael J. Jercinovic.  
Element maps were generated with a 15 kV accelerating voltage and a 350 nA defocused 
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beam, 25 ms count times and a 35 μm stepsize.  Quantitative analyses of alkali and 
plagioclase feldspar were generated with a 40 nA, 4 μm diameter beam. A summary of 
major field and petrographic features of units within the Gouldsboro pluton are presented 
in table 4.1 and figures 4.30 to 4.34. 
 Samples for bulk rock major and trace element analyses were produced according 
to the basic procedures described in Rhodes and Vollinger (2004) with two exceptions, 1) 
all granitic and granodioritic samples were ignited at 875°C for ~6 hours (as opposed to 
1020°C) and 2) ~22mg of Premier AI-1500 powdered ammonium iodide was added to 
each sample + flux mixture as a release agent during the fusing process prior to major 
element analysis.  Samples were run in replicate and averages of these analyses are 
reported in table 4.2 and figures 4.24 to 4.28.  
 Sm-Nd isotopic studies were conducted at the Department of Earth, Atmospheric 
and Planetary Sciences at Massachusetts Institute of Technology (MIT) under the 
direction of Dr. Francis O. Dudas.  Sample powders (100 mg) were spiked with 30 
microliters of a 149Sm-150Nd tracer then completely dissolved in a HF-HNO3 solution in 
steel jacketed Teflon Parr bombs at 220°C for 5 days.  Samples were then converted to a 
6 M HCl solution at 180°C for 2 hrs then fluxed in multiple steps in 6 M HCl at ~120°C. 
Rare earth elements were separated using cation exchange chemistry by eluting with 3 M 
HCl followed by elution with 3 M HNO3.  A second set of column procedures using LN-
Spec Resin (F. Dudas pers. comm., January 2008) were used to isolate Sm and Nd.  
Analyses were carried out on the MIT Isoprobe-T mass spectrometer.  Sm samples were 
loaded onto Ta filaments in a 1 M HNO3 solution and analyzed in multicollector static 
mode.  Nd was loaded onto Re filaments with 0.1 M H3PO4 and analyzed in dynamic 
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multicollector mode.  Analytical results of isotopic studies are reported in table 4.3 and 
figures 4.28 and 4.29. 
 Qualitative studies and concentrations of structural OH- in crystalline phases and 
of glassy and devitrified melt inclusions were conducted on ~80-100 μm thick sections 
produced at UMass Geosciences.  Analyses were conducted using Fourier transform 
infrared (FTIR) spectroscopy on either a Thermo Nicolet Magna 860 Step-Scan FTIR at 
the National Synchrotron Lightsource at Brookhaven National Lab or on a Bruker Vertex 
70 at UMass Geosciences under the direction of Dr. Sheila J. Seaman. Concentrations of 
OH- in individual phases were calculated using the Beer-Lambert Law based on vibration 
frequencies caused by the interaction of chemical bonds with IR light.  The application of 
this law is based on the work of Johnson and Rossman (2004) and Mandeville and others 
(2002) and uses the law in the following form to calculate total concentrations of OH- 
using values for either peak area (crystalline phases) or peak height (glasses) at a wave 
number characteristic for the phase of interest:  
 
OH
OHOH
total d
HorA
C 
 
)()(015.18
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Where: AOH = integrated absorbances for specific band locations based on peak area 
 HOH = integrated absorbances for specific bands locations based on peak height 
 density of the phase of interest
 OH = molar absorption coefficient
 d = sample thickness 
 18.015 = molecular weight of H2O 
Major element concentrations were then collected by EPMA on the same positions 
analyzed by FTIR. Water concentration data is present in table 4.4 and presented in 
figures 4.36 to 4.40. 
 
4.4 Field Relations and Generalized Plutonic Structure 
 The Gouldsboro pluton intrudes the Cambro-Ordovician Bar Harbor Formation 
(Metzger, 1979; Gates and Moench, 1981; Gates, 1989) on its western margin and the 
Flanders Bay greenstone (Gilman and Lash, 1988; Arnost and Koteas, 2008) on its 
northwestern margin (Fig. 4.3). The Gouldsboro pluton is intruded on its northern and 
northeastern edge by the 366 ± 1 Ma (U-Pb of zircon date; Seaman and Gylling, 2003) 
Tunk Lake pluton.  Contacts between older host rocks and the Gouldsboro pluton are 
relatively sharp, although centimeter-to meter-scale xenoliths of country rocks are 
common in the Gouldsboro pluton within the first 500 meters of contacts with the Bar 
Harbor Formation and the Flanders Bay greenstone. 
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4.4.1 Plutonic Stratigraphy 
 The Gouldsboro pluton can be divided into 3 distinct granitic units, a hybrid 
diorite-gabbro zones, and an injection zone dominated by coarse-grained gabbros (Koteas 
and Seaman, 2006, 2007a). Field and petrographic descriptions of these units are 
summarized in table 4.1. The distribution of the igneous stratigraphy and internal 
variation within units are based on detailed field studies (Fig. 4.3).  Intrusive units change 
from medium-to coarse-grained granite with clear evidence of mafic-felsic interaction 
near the northernmost portions of the system to texturally homogeneous, miarolitic 
cavity-rich, geochemically evolved, but isotopically heterogeneous, granite near the 
southernmost exposures. The northernmost plutonic unit, unit (1), is a texturally and 
compositionally heterogeneous granite-diorite-gabbro sequence that preserves micron-to 
decimenter-scale evidence of interactions between late mafic and felsic magma batches 
(Fig. 4.4).  Evidence for mechanical felsic-mafic magma mingling or “pillowing” (Fig. 
4.5) and chaotic zones of mechanical hybrids or “enclaves” that resulted from the 
disruption of the pre-existing igneous stratigraphy are present in the northernmost 
exposures of the pluton. Magmas also appear to have locally mixed to create 
compositionally hybrid diorites from granitic and gabbroic end-members.  
 
4.4.1.1 Unit (1) 
 Field relations suggest that hybrid diorite-gabbros comprise the oldest unit within 
the exposed plutonic stratigraphy. Texture and composition (Table 4.1) vary on the 
micrometer to kilometer scale (Fig. 4.6). Unit (4) separates the granitic portion of the 
pluton from an undated greenschist facies metabasaltic-andesite (Flanders Bay 
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greenstone after Gilman and Lash, 1988; Arnost and Koteas, 2008), and the Cambro-
Ordovician Bar Harbor Formation (Metzger, 1979; Gates, 1989) (Fig. 4.3).  Plagioclase, 
hornblende and clinopyroxene dominate most assemblages (Fig. 4.7). 5-8 cm long 
hornblende needles in “jackstraw” patterns (Fig. 4.4) as well as large, complexly zoned 
subhedral plagioclase crystals suggest a locally volatile-rich environment and conditions 
where elevated temperatures aided in diffusive transport (Watson and Jurewicz, 1984). 
Blocky clinopyroxene prisms are present, but usually have undergone a late magmatic 
uralitic replacement to hornblende or actinolite.  Coarse “breccia” zones adjacent to intra-
plutonic contact margins with gabbro and granite preserve excellent magmatic flow 
fabrics.   
 
4.4.1.2 Unit (2) 
 The unit (2) granite varies in the dominance of Na- vs. K-rich feldspar, in the 
local abundance of graphic texture, and in the concentration of hornblende versus biotite 
(Table 4.1). Unit (2) is subdivided into two portions, unit (2a) and (2b), based on the 
relative abundance of mafic pillows to the northeast, in contrast to areas to the southwest. 
In the northeastern portion of this unit, isolated individual fine grained basaltic pillows 
(Fig. 4.5) or larger sheet-like zones of basaltic pillows strike east-northeast and dip 
shallowly (~10-15 degrees) to the south (Fig. 4.8A,B). Sub-vertical, 3-6 cm diameter 
aplitic pipes are present where intact basaltic sheets thin to <2 meters (Fig. 4.9A,B).  
These may represent buoyant rise of interstitial felsic magmas from crystal-rich granite 
immediately beneath basaltic sheets. Similar features have been observed in Maine and in 
other bimodal plutons (i.e. Chapman and Rhodes, 1992; Wiebe, 1996; Patrick and Miller, 
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1997; Wiebe and Adams, 1997). Additionally, the near-vertical orientation of these 
features suggests that these units have not rotated significantly away from their initial 
emplacement orientation.  
 Basaltic pillows generally have one of two distinct types of margin types: A) 
“scalloped” margins that are characterized by irregular, anastomosing boundaries (Fig. 
4.10A) or B) aphanitic chill margins that are both sharp and abrupt.  Larger basaltic 
pillows more commonly preserve scalloped margins. This is taken as evidence of 
sufficiently little contrast in temperature between end-members to permit extensive 
magma interaction prior to solidification of one or both magmas.  Many of the larger 
basaltic pillows also contain subhedral alkali feldspar crystals (Fig. 4.10B), which may 
be xenocrystic and have originated in host granitic magmas. Smaller basaltic pillows tend 
to be finer grained than larger examples.  Smaller basaltic pillows are also more likely to 
be sub-angular (Fig. 4.11) with distinctly aphanitic dark-colored chill margins suggesting 
that they chilled too quickly to allow for more extensive mechanical interaction with their 
granitic host.  In unit (2b), basaltic pillows are less much less common. 
 Sub-horizontal mafic sheets are present along the eastern-most exposures of unit 
(2a). These features typically have breccia-like accumulations of angular <3 – 15 cm 
long, fine- to medium-grained felsic or intermediate enclaves adjacent to mafic sheets 
(Fig. 4.12).  These complex zones of mechanical interaction are evidence of the ability of 
late injections to disrupt the existing plutonic stratigraphy.  Breccia-like enclave zones 
are hosted by granite of nearly identical texture and composition to granite hosting 
basaltic pillows southwest of these exposures, up-section within the plutonic stratigraphy. 
The contact of unit (2b) with unit (3) granite to the south and west is gradational, but 
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occurs over a short distance (~300 meters).  This transition is characterized by a relatively 
rapid overall decrease in grain size and mafic content. 
 
4.4.1.3 Unit (3) 
 Granite exposed in the center of the Gouldsboro pluton are typically quite 
homogeneous (Fig. 4.13A and Table 4.1). Unit (3) is subdivided into two parts. Unit (3b) 
has more common zones of aplitic granite pods and dikes, which are largely absent in 
unit (3b). Aplitic granite is dominated by a groundmass of alkali feldspar and quartz with 
rare subhedral plagioclase phenocrysts.  Schlieren are typically present within 1-2 meters 
of aplitic dikes and sheets in unit (3b) (Fig. 4.13B). Biotite is the dominant 
ferromagnesian mineral in this granite, but hornblende clots are also present. Graphic 
textures are common (Fig. 4.14).  Somewhat uncommon, very fine grained intermediate 
to felsic enclaves are present in unit (3). These enclaves are angular to subangular and are 
typically <15cm2. Felsic enclaves are divided into two groups in terms of relative 
potassium content (Wiebe and Adams, 1997) and are texturally similar to aplitic granite 
from this unit, but are geochemically distinct (see section 4.5).  
 The unit (3) granite is overall texturally homogeneous though the concentration of 
hornblende in the groundmass of the unit (3) granite, as well as the concentration of 
mafic enclaves, increases slightly from unit (3a) to unit (3b). The relative concentration 
of hornblende appears to increase with greater proximity to the major zone of late mafic 
injections in the area of unit (5) (Fig. 4.3).  This granite is generally isotropic, but 
preferred orientations of hornblende crystals, visible in thin sections, defines a magmatic 
fabric.  Rare miarolitic cavities are typically <1-2cm2 and are commonly filled with 
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quartz and/or epidote, but are commonly empty voids. One of the most distinctive 
changes between granite of unit (3) and those of unit (4) are the increase in size and 
concentration of miarolitic cavities.  Unit (4) granite is quite similar texturally and 
geochemically (see section 4.5) to unit (3), except that alkali feldspar is more potassic 
and plagioclase feldspar less common and typically more sodic. 
 
4.4.1.4 Unit (4) 
 The unit (4) granite that is more fine-grained than granite to the north and east 
within the Gouldsboro pluton and is commonly off-white to pinkish-tan color.  Localized 
zones of high concentrations of miarolitic cavities are also present (Fig. 4.15).  Unit (4) is 
subdivided into (4a) and (4b) based on the presence of higher concentrations of felsic 
volcanic enclaves, meta-sedimentary country rock xenoliths in unit (4b) to the south.  
Additionally, two distinct east-west striking zones of high concentrations of felsic and 
intermediate enclaves are present in unit (4b). These zones contain sub-rounded, very fine 
grained, sugary-textured 5 cm – 3 m diameter felsic enclaves (quartz 55-60 % + K-
feldspar 40-45 %) that contain vugs and amygdules. No similar features have been 
recognized in unit (4a), but overall, unit (4) is a compositionally (Table 4.1) and 
texturally homogenous, fine grained, light pink granite (Fig. 4.15).     
 
4.4.1.5 Unit (5) 
 Unit (5) is dominated by coarse grained olivine, clinopyroxene, and 
orthopyroxene gabbros (Fig. 4.16 and Table 4.1)).  Field relations suggest that unit (5) 
gabbros represent one of the last pulses of magma into the chamber before final 
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solidification of the Gouldsboro pluton. Hornblende-rich granodiorites are also present in 
unit (5) and are composed of plagioclase (40-45 %), alkali-feldspar (15-20 %), 
hornblende (10-15 %), orthopyroxene (5-10 %), clinopyroxene (5-10 %), quartz (5 %) 
and oxides (<5 %).  Granodiorites host oxide symplectites (Fig. 4.17) in calcic 
plagioclase hosted by hypidiomorphic orthopyroxene. Even less common granite is also 
present within unit (5) and consist of orthoclase (30-35 %), albite (20-25 %), plagioclase 
(15-20 %), quartz (10-15 %), biotite and hornblende (5-10 %) and oxides (<5 %). 
 Unit (5) includes zones with cross-cutting 1-10 meter wide composite dikes (Fig. 
4.18) and 10’s of cm wide aplitic dikes with 1-3 cm diameter rounded blue-gray quartz 
crystals.  Networks of 1-3 cm wide granitic veins are also common throughout this zone.  
These veins cross-cutting all rock-types present in unit (5).  
 
4.4.2 Field evidence of Intra-Chamber Magma Mingling and Magma Transport 
 Evidence for extensive mafic-felsic magma mingling is mostly restricted to the 
northernmost exposures in the system and is best preserved within texturally 
heterogeneous diorites in unit (1) (Fig. 4.4, 4.6).  The most spectacular exposures of 
mechanical mingling (Fig. 4.11, 4.12) are preserved on the eastern margin of the 
Schoodic Peninsula (Fig. 4.3).  The northeastern shoreline of the Schoodic Peninsula 
preserves both tens of meter-scale exposures of preferentially oriented pillows of basalt 
and 2-5 meter wide accumulations of sub-angular to sub-rounded felsic and intermediate 
enclaves hosted by a matrix of bright pink, medium-grained granite (Fig. 4.12). 
 Composite dikes are recognizable at all levels of the system, but are most distinct 
in coastal exposures along the eastern shore of the Schoodic Peninsula.  These dikes can 
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be divided into two general groups based on the basaltic or rhyolitic matrix composition 
(Fig. 4.18). Both types are generally very steeply dipping and strike north-south.  Wiebe 
and Ulrich (1997) suggested that these dikes were generated by intrusion of a contrasting 
magma into a partially solidified magma at depth within the chamber.   
 Syn-plutonic mafic and rhyolitic dikes are also preserved at all stratigraphic levels 
of the pluton.  Syn-plutonic mafic dikes commonly have irregular widths that change 
dramatically along strike, scalloped margins, and alkali-feldspar xenocrysts, especially 
immediately adjacent (within 2-6 cm) to dike margins (Fig. 4.10A,B). Field evidence for 
the importance of mafic and felsic magma transport both vertically into and through the 
igneous stratigraphy, as well as laterally within individual units (Fig. 4.8B)is present 
throughout the pluton, but is best preserved in exposures in the northeastern part of the 
pluton (Fig. 4.3).Two distinct enclave-rich bands of fine-grained felsic enclaves are 
present in unit (4b). These zones vary between 200 and 500 meters wide. Enclaves are 
quite variable in terms of overall dimensions (10cm-2m) and rarely display a distinct 
shape preferred orientation. 
 
4.4.2.1 Evidence for Pulses of Mafic and Felsic Magma 
 The most striking evidence of bimodality in the Gouldsboro pluton comes from 
exposures in the northern and northeastern portions of the pluton where: 1) 
compositionally and texturally hybrid diorite-gabbros are present (Fig. 4.4, 4.6), 2) 
mafic-felsic magma mingling zones have created high concentrations of mafic pillows in 
medium to coarse grained granitic hosts (Fig. 4.8A, 4.10, 4.11), 3) mafic sheets have 
cross-cut granites (Fig. 4.8B) and are associated with high concentrations of mafic, 
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intermediate and felsic enclaves (Fig. 4.12), 4) sub-vertical felsic pipes intrude mafic 
sheets (Fig. 4.9), and 5) gabbroic sills truncate adjacent diorite and granite. 
 Zones of the pluton dominated by mechanical mingling within unit (1) include 
preferentially oriented enclave rich zones. Enclaves in this unit vary in composition from 
basalt to rhyolite and in texture from aphanitic basalts to coarse grained diorites.  Hybrid 
medium- to coarse-grained diorite enclaves are dominant, suggesting that coherent 
compositional or textural zones in this unit were disrupted at least once before final 
crystallization of the pluton. 
 Variation in hornblende concentration and crystal size occurs on the centimeter to 
decimeter scale throughout unit (1).  Flow fabrics in this zone strike northwest-southeast 
and dip shallowly northeast (Fig. 4.19). Flow fabrics measured in areas adjacent to late 
mafic injections dip toward the locus of latest injections occupied by unit (5) gabbro.  
These orientations suggest that materials emplaced and/or affected by the latest injections 
into the pluton were subsequently back-rotated in the direction of the vertical conduit, 
possibly due to down-welling or collapse adjacent to the injection site. 
 Evidence for mafic-felsic magma mingling appears to have varied spatially and 
temporally during the construction of the Gouldsboro pluton, but played a fundamental 
role in creating the present compositions and geometries of units, especially in the 
northern portion of the pluton. Additionally, this suggests that the majority of mafic and 
felsic pulses that injected into the magma chamber originated around a single main 
injection site that is dominated by the unit (5) gabbro. 
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4.4.2.2 Pluton Margins and Contact Aureole 
 The Gouldsboro pluton is in contact with the Bar Harbor Formation on its eastern 
margin, although the contact is poorly exposed.  Meter-scale angular blocks of Bar 
Harbor Formation are hosted by unit (3) and unit (4) granites (Fig. 4.20).  In the 
northwest (Fig. 4.3) the Bar Harbor formation is a weakly-metamorphosed bedded 
siltstone to sandstone with inter-bedded felsic volcanic and chemical sedimentary layers 
(Gilman et al., 1988).  Intra-formational conglomerates (Fig. 4.21A) (Metzger, 1979) and 
a basal conglomerate (Gilman and Lash, 1988) have been identified in the Bar Harbor 
Formation along the northwest margin of the Gouldsboro pluton. 
 The Gouldsboro pluton intrudes the Flanders Bay greenstone (Gilman and Lash, 
1988) along much of its northern margin. This contact margin is characterized by meter- 
to 10’s of meter-scale angular to sub-angular xenoliths of the greenstone hosted by hybrid 
diorites of unit (1). The Flanders Bay greenstone is typically a fine-grained actinolite + 
chlorite + feldspar + hornblende ± quartz ± epidote basaltic andesite that is weakly- to 
strongly-foliated with abundant <4-10 cm diameter clots of epidote + quartz (Arnost and 
Koteas, 2008).  The greenstone is overlain by the Bar Harbor Formation in an erosional 
unconformity (Gilman and Lash, 1988) and intruded by the diorites associated with unit 
(1) of the Gouldsboro pluton.   
 
4.4.2.3 Rocks Defining the Roof-zone of the Gouldsboro Pluton 
 The Gouldsboro pluton does not preserve a distinct “shatter zone” as has been 
well described at the margins of the Cadillac Mountain intrusive complex on Mount 
Desert Island (Gilman et al., 1988; Wiebe, 1994). However, evidence for intrusion of 
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granitic magmas into a genetically related volcanic edifice is present on the southwestern 
edge of the Schoodic Peninsula (Fig. 4.3).  A strong compaction related foliation is 
evident in the rhyolite.  The fabric strikes broadly north-south and dips steeply east in the 
direction of the Gouldsboro pluton margin. Unit (4b) granites intrude the ~30 meter thick 
rhyolitic volcanic package as meter-scale dikes and sheets. Decimeter- to meter-scale 
felsic volcanic clasts (Fig. 4.21B) are hosted by a light tan, sugary, very fine grained, 
granitic matrix (Fig. 4.15).   
 Angular country rock xenoliths that appear to represent pebble to cobble 
conglomerates that are basal members of the Bar Harbor Formation (Gates, 1989; 
Metzger, 1979) are also present in this area. Field relations suggest that these xenoliths 
are part of a basal conglomerate that belongs to the Turtle Island member of the Bar 
Harbor Formation (Metzger, 1979 and Gates, 1989) (Fig. 4.21B).  Outcrops of volcanic 
and granitic rocks in this area are directly adjacent to Bar Harbor Formation 
conglomerates, exposed on islands immediately west of the coastline (Fig. 4.3).  The 
presence of volcanic blocks and large country rock xenoliths, that can be directly 
associated with intact portions of the adjacent regional Cambro-Ordovician stratigraphy, 
suggests that the growth of the Gouldsboro magma chamber upwards and outwards 
caused brittle fracturing and collapse of the roof and walls of the chamber.  
 
4.5 Whole Rock Geochemical Constraints on Pluton Construction 
 Whole rock major- and trace-element analyses of gabbro, diorite, and granite 
from within the Gouldsboro pluton are presented in table 4.2A and figures 4.23 through 
4.27.  Additional data for felsic enclaves in unit (4) are from Wiebe and Adams (1997) 
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and are noted accordingly. 
  
4.5.1 Observations from Major and Trace Elements 
 The three granitic units within the igneous stratigraphy of the Gouldsboro pluton 
range in silica content from ~68 to ~79 weight percent (Table 4.2).  Granite in the central 
and southern portions of the Gouldsboro pluton are peraluminous. However, granites 
from northern exposures, in closer proximity to mafic-felsic mingling zones, straddle the 
metaluminous-peraluminous boundary (Fig. 4.22). Bi-variant element plots (after Harker, 
1909), multi-element variation diagrams, and trace element and REE variation diagrams 
are useful to further refine the intra-plutonic stratigraphy (Fig. 4.23 to 4.27).  Harker-
style variation diagrams of SiO2 vs. major element oxides of granites and enclaves show 
that more evolved granite, in the southern part of the pluton, is lower in Ca, Mg, and Ti 
relative to granite closer to the locus of injection to the northeast (Fig. 4.23). Unit (2) 
granite, which hosts the highest concentrations of mafic pillowing zones, frequently has a 
bi-modal or tri-modal distribution of SiO2 vs. MgO and SiO2 vs. CaO. In some cases, unit 
(2) granite samples can cluster with high- and low-K felsic enclaves (i.e. Fig. 4.23A). 
Unit (3) granite samples, from the center of the pluton, do not show as broad a 
distribution in terms of major element oxides (Fig. 4.23) as unit (2) granite samples, but 
do show a wide, somewhat linear variation in Ce, Sr, Rb, and Ba (Fig. 4.24). Unit (3) 
granite is relatively higher in the alkali elements as well as Ce, Y, and Ba (Fig. 4.24), but 
is relatively low in Al and Fe (Fig. 4.25) compared with granite in the northern part of the 
pluton. This is attributed to the greater abundance of ferromagnesian minerals in granites 
from the northwestern part of the pluton. Granite from all portions of the plutonic 
103 
 
stratigraphy has a distinct negative Sr anomaly when normalized to both chondrite (Fig. 
4.26) and bulk upper crust (Fig. 4.27), but this anomaly is most pronounced in unit (3) 
and (4) granites, from the central and southern portions of the pluton. Chondrite 
normalized samples from unit (2) and unit (3) granites have a subset of samples that have 
a distinct negative K anomaly, which is not present in samples from unit (4) (Fig. 4.26). 
Granite samples from each unit typically display non-linear variation on bi-variant and 
multi-element variation plots, but can be distinguished from one another within the larger 
plutonic stratigraphy in terms of both major and trace elements. 
 Felsic enclaves, hosted by texturally and geochemically homogeneous granite 
associated with unit (3), in the center of the pluton, plot independently of granitic and 
dioritic units within the plutonic stratigraphy, especially in terms of Ca and Mg (Fig. 
4.23). Felsic enclaves plot as a single cluster in terms of Ti and Ca (Fig. 4.23), but are 
easily distinguished in plots of Ba and Rb (Fig. 4.24). High- and low-K felsic enclave 
subsets can be easily distinguished on bulk upper crust normalized trace element 
variation diagrams (Fig. 4.27). These trace element variation diagrams also reveal limited 
similarities to samples of granites from unit (3) and (4), especially in terms of Rb and Ba, 
and Y concentration in some unit (2) granite samples. However, felsic enclaves have a 
positive Ti anomaly and very weakly negative Sr anomaly that sharply contrasts with 
granites sampled from units (2), (3), and (4). 
 Hybrid diorite and gabbro samples, from units (1) and (5) respectively, plot in an 
independent field relative to granites and felsic enclaves, especially in terms of Fe, Mg, 
Mn and Ti (Fig. 4.23) as well as the rare earth elements and transition metals (Fig. 4.24).  
Linear trends of progressive enrichment of alkali elements and progressive depletion of 
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Fe, Mg, and Ti (Fig. 4.25) correlate with field evidence for mafic-felsic magma mingling 
in the northeastern part of the pluton (Fig. 4.5, 4.6).  Intermediate and mafic rocks from 
units (1) and (5) have a distinctive negative Nb anomaly, when normalized to both 
chondrite and bulk upper crust that is not shared with granites or felsic enclaves from the 
central and southern parts of the pluton (Fig. 4.26, 4.27). Gabbros are relatively more 
depleted in the rare earth elements and have a low, but positive, Ti anomaly compared 
with hybrid diorites when normalized to chondrite (Fig. 4.26). Chrondrite normalized 
trace element patterns for examples of each of the granitic units and the diorite show a 
distinct pattern with depletions in Nb, Th, La, and Ce and slight Sr enrichments in 
diorites relative to the granite (Fig. 4.25A,B).   
 
4.5.2 Discussion of the Significance of Bulk Geochemical Trends 
  Linear trends preserved in some bi-variant element plots, such as SiO2 vs. TiO2 
(Fig. 4.23), suggests that distinct felsic magma batches followed somewhat independent 
crystallization paths.  The unique fractionation of plagioclase vs. alkali feldspar and 
ferromagnesian minerals within granitic units likely provided a major control on quasi-
linear distributions (Fig. 4.25C). The more common non-linear distribution of individual 
granitic units, such as SiO2 vs. MnO, MgO, and CaO (Fig. 4.23B,C,E), matches field 
observations of dominantly mafic-felsic magma mingling in the northeastern portion of 
the pluton and more subtle interaction of separate felsic magma batch in the central and 
southern portions of the system. Despite clear evidence of textural heterogeneity, 
gabbroic and dioritic rocks from the northern part of the pluton group together in terms of 
both major elements (Fig. 4.25E) and trace elements (Fig. 4.24) on bi-variant element 
105 
 
plots. Geochemical variation both within and between granitic units, especially in Na and 
K (Fig. 4.23) and the mobile elements (Fig. 4.24) suggests that localized effects of 
magma mingling altered the bulk compositions of granitic units.   
 Textural and compositional variability based on field studies and non-linear bulk 
geochemical variation (Fig. 4.24) suggests that rocks that compose unit (1) had a 
complex crystallization history. Clustering of diorite samples contrasts with scattering of 
unit (2) granite samples (i.e. Fig. 4.24B). Limited diffusive selective diffusive exchange 
of alkalis (Watson and Jurewicz, 1984), especially in granite from unit (2) where 
mechanical mafic-felsic interaction was extensive, appears to have led to geochemical 
variability, especially Rb, Ba, Th, U, K, Nb, and La (Fig. 4.27). Relative enrichment of 
Fe, Mg, and Ti in unit (2) granite (Fig. 4.23) may also be related to the proximity of 
higher volumes of mafic materials which may have locally contaminated granitic 
magmas. Variation in K, Nb, La, and Ce content of diorite samples (Fig. 4.27) suggests 
that localized mixing between felsic and mafic magmas might have generated 
compositional hybrids. However, it appears that this interaction was quite limited 
spatially to a few kilometers from the locus of magma injections into the pluton in the 
area of gabbro associated with unit (5) (Fig. 4.3). 
 Recognition of zones of elevated concentrations of both high- and low-K felsic 
enclaves within the Gouldsboro pluton led Wiebe and Adams (1997) to suggest that felsic 
magmas migrated vertically from lower depths in the system and disrupted a 
compositionally stratified system.  In this model, felsic enclaves would represent the 
remnants of that disrupted stratigraphy or felsic magmas that became dispersed and 
chilled during injection into higher levels of the pluton stratigraphy. These interpretations 
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were modified by isotopic studies (Waight et al.,2007).  These workers concluded that 
enclaves were generated by very late felsic pulses into the Gouldsboro magma chamber 
and are related to a set of regional felsic dikes. Both of these sets of interpretations are 
consistent with the observations from this study in that enclaves sampled within unit (4), 
regardless of K2O content, are consistently lower in SiO2 and elevated in CaO, Al2O3, 
MgO, and Fe2O3(t) relative to host unit (3) granites (Fig. 4.23, 4.25). 
 These interpretations require that the magmas represented by these enclaves 
experienced significantly more diffusive interaction with mafic magmas than granites 
emplaced at higher structural levels.  One troubling aspect of these models is the lack of 
any granite bodies that clearly matches the compositions of these felsic enclaves within 
the plutonic stratigraphy.  While both high- and low-K enclaves broadly match some 
aspects of the composition of unit (2) and unit (3) granites, geochemical differences, 
especially in trace element composition (Fig. 4.27) suggest that either a) the bulk 
composition of felsic enclaves has been modified by a late plutonic process or b) felsic 
enclaves hosted represent a portion of the Gouldsboro pluton stratigraphy that has been 
completely destroyed by processes of mechanical and chemical mingling during growth 
of the pluton or is a portion of the pluton that is not exposed. 
 
4.5.3 Isotope Geochemistry 
 Isotopic signatures preserved in the Gouldsboro vary significantly. εNd values vary 
throughout the entire system between -6.54 to +1.18 (Table 4.4). Plots of SiO2 vs. εNd 
(Fig. 4.28A) show a broad spread for granite samples near the southern part of the pluton 
and define a separate cluster for felsic enclaves relative to mafic, intermediate and felsic 
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samples from the plutonic stratigraphy. Within Gouldsboro granite from unit (3) and (4) 
and felsic enclaves, εNd values vary from -1.5 and +1 (Fig. 4.28B).  As with plots of SiO2 
vs. εNd, 147Sm/144Nd vs. εNd plots show a considerable spread in values that does not 
correlate with simple evolution to more felsic granitoids in the southern portion of the 
pluton. εNd plots of Gouldsboro granites relative to the chondrite uniform reservoir 
(CHUR) (Fig. 4.29) suggest that felsic partial melts, which were the parent magmas of 
Gouldsboro granites, potentially sampled rocks of both Ganderian and Avalonian 
heritage, along with depleted mantle-related mafic magmas.  
 A possible explanation for this variation, even within texturally and 
geochemically quite homogeneous granite, may be that evolved and relatively primitive 
magmas are represented in the Gouldsboro pluton and most likely interacted at a depth 
below the level of emplacement. However, the lack of geochemical variation within unit 
(3) granite, from the center of the pluton, suggests that felsic magmas were likely to have 
hybridized even in the middle and upper portions of the magma chamber. Variation of 
isotopic content within felsic magmas may be related to partial melting of slightly 
different protoliths, partial melt generation at different depths within the crustal column, 
or varying degrees of interaction with mafic magmas below the level of the intrusion. 
Based on tectonic models for the Acadian orogeny at this latitude (Bradley, 1983; 
Bradley et al., 1996; Bradley et al, 1998; Tucker et al., 2001; Moench and Aleinikoff, 
2003; West et al., 2007) (Fig. 4.2), lithospheric delamination during the late Silurian may 
have occurred in response to progressive thrusting associated with Acadian orogenesis. 
The resulting upwelling of hot asthenospheric mantle may have provided the heat to melt 
accreted crustal slices of multiple, distinct terranes. The switch to an extensional 
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environment at the Siluro-Devonian boundary may have been able to tap partial melts of 
unique crustal slices as well as mantle-derived mafic magmas (Hogan and Sinha, 1989) 
that could migrate to upper-crustal levels of emplacement. 
 
4.6 Microtextural Studies 
 Petrographic studies and in-situ geochemical variation at the thin section scale are 
very useful in interpreting the order of crystallization in plutonic rocks as well as 
magmatic events that can disturb the path of crystallization.  The Gouldsboro pluton is 
characterized by evidence for extensive mafic-felsic magma interaction in terms of both 
field relations (section 4.4) and bulk geochemistry (section 4.5).  This section describes 
the microtextural and microgeochemical features of the units within the Gouldsboro 
pluton toward developing a better understanding of bimodal processes at the grain-scale. 
 
4.6.1 Microtextural Features 
 Textural heterogeneity within hybrid diorites in the northernmost exposures of the 
Gouldsboro pluton is present on the centimeter to decimeter scale (Fig. 4.4).  Randomly 
oriented euhedral plagioclase phenocrysts of plagioclase or “jackstraw” plagioclase (Fig. 
4.4, 4.7) and “comb” textures (Peterson, 1985) are quite common in unit (1) diorite in the 
northernmost exposures within the pluton. Hypidomorphic textures of plagioclase in 
orthopyroxene (Fig. 4.30A inset), zoned plagioclase phenocrysts and clinopyroxene and 
olivine with delicately embayed margins (Fig. 4.30B) are common within gabbro-diorite 
interaction zones. Gabbros host calcic plagioclase that exhibits strong pericline twinning 
in the core, but are Na-rich and commonly not twinned at the margins (Fig. 4.31).  
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Partially digested centimeter to micron scale microgranitoid enclaves are common within 
unit (1) diorites and are associated with embayed quartz-feldspar grain boundaries.  
Reaction features attributed to cooling in the gabbro, such as amphibole being converted 
to biotite (Fig. 4.32A) as well as epitaxial growth of later generations of hornblende on 
actinolite (Fig. 4.32B) are common and likely not related to magma mingling processes.  
 Granite, especially in the middle of the pluton (Fig. 4.3), commonly preserves 
granophyric textures as well as delicate feldspar-biotite-actinolite dendrites (Fig. 4.33A). 
Concentric zoning is evident in many plagioclase feldspars and is commonly combined 
with primary patchy zoning (Fig. 4.33B).  Zoned ternary feldspar phenocrysts are 
commonly inclusion riddled and typically mantled by smaller, euhedral K-feldspar 
crystals (Fig. 4.33C). Alkaline rims around plagioclase laths are also common (Fig. 
4.34A). Two distinct generations of biotite, the earlier generation being phlogopite and 
the later being annite, are present in unit (3) (Fig. 4.34B. While alkali feldspar and quartz 
are the dominant constituents of the matrix of granite in the northern and middle portions 
of the pluton, K-feldspar grains are the most common phenocrysts. The transition from 
albite to orthoclase, as the dominant phenocrysts in the granite, occurs along with an 
increase in the concentration of miarolitic cavities. 
 Melt inclusions are also increasingly common in granite toward the southernmost 
exposures of the system. Both glassy and devitrified melt inclusions are present in matrix 
phases like quartz, biotite, and hornblende, but are found dominantly in alkali feldspars, 
whether they are a matrix phase or phenocryst (Fig. 4.35). Oscillatory zoning in feldspars 
appears to be directly related to variation in K vs. Na content, which is significantly 
influenced by the mobility of Ba (Fig. 4.24E) (Long and Luth, 1986).  
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4.6.2 Textural Indicators of Bimodal Igneous Processes 
 Disequilibrium microtextures such as jackstraw and comb textures, present within 
the unit (1) diorite, are been interpreted as being indicative of heterogeneous nucleation 
as defined by Vernon (2004). This disequilibrium phenomenon may be linked to thermal 
perturbations and influxes of new magma that can repeatedly changed nucleation and 
growth rates of crystals. Rounded inclusions or embayments in quartz and olivine may be 
the result of magmatic corrosion (resorption and dissolution) due to the changing 
chemical composition of the host magma (i.e. Fig. 4.16). Discrete batches of new 
magma, near the main locus of injections in the northeastern part of the pluton, may have 
introduced heat and volatiles to adjacent portions of the pluton. This may have led to 
local disequilibrium conditions where repeated sequences of resorption and dissolution 
could occur. 
 Disequilibrium conditions may be reflected in the localized growth of larger 
plagioclase and hornblende crystals in unit (1), which were metastable and grew at the 
expense of smaller crystals by processes of Ostwald ripening (Voorhees, 1992) (Fig. 
4.34A). In addition, the heat from later injections in relatively close proximity to hybrid 
diorites likely disturbed the normal crystallization path such that periods of relatively 
small degrees of undercooling promoted increased diffusivity between larger crystal 
nuclei and the melt (Fig. 4.33). Variation of the thermal conditions and additions of new 
magma to the magma chamber may have promoted coarsening (Means and Park, 1994) 
much later in the crystallization history than would be expected for the relatively short 
cooling periods typically associated with granitic magmas. This would not require a two-
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stage cooling process often ascribed to the formation of porphyritic textures in shallow 
intrusions (i.e Vernon and Paterson, 2002). Instead, crystals that nucleated early 
continued to coarsen.  Along with thermal pulses, periods of elevated volatile contents 
from the digestion of OH- and F- bearing phases in the wall rocks provided an 
environment unfavorable to nucleation, but well suited for continued growth of existing 
feldspars (Fenn, 1977). 
 Graphic intergrowths of quartz and alkali feldspar in the unit (3) granite (Fig. 
4.14) from the center of the pluton suggest simultaneous, rhythmic crystallization of 
quartz and feldspar driven largely by local growth-diffusion relationships between 
crystals and adjacent melt (Fenn, 1986). Alkaline rims around plagioclase laths in the unit 
(3) granite (Fig. 4.33) may have been the result of the delivery of more calcic plagioclase 
(xenocrystic) grains from an external magma source (Hibbard, 1981). This matches the 
presence of patchy zoning in plagioclase phenocrysts from unit (3) granite (Fig. 4.33B) 
that are likely related to crystallization of plagioclase in a water-undersaturated 
environment followed by resorption and crystallization of more sodic feldspar associated 
with decreasing magma pressure (Vance, 1965). These features may also be a result of an 
erratic thermal history experienced due to mafic magma inputs into the granitic 
stratigraphy (i.e. Hibbard, 1981). The potential for an erratic thermal history matches the 
field evidence, especially for the unit (3a) granite, which hosts high concentrations of 
mafic dikes and pillows (Fig. 4.8A). The presence of two distinct generations of each Fe- 
and Mg-rich biotite also suggest the possibility that heat and new material were added 
during subsequent injections of new magma into the chamber. 
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 Higher concentrations of miarolitic cavities (Fig. 4.15) in the southern portions of 
the pluton suggest that granites in the southernmost portion of the pluton were more 
volatile rich. This phenomenon in the Gouldsboro pluton may be related to the migration 
of volatiles (i.e Fig. 4.36A) vertically through the system. It is also possible that localized 
diffusive chemical exchange between crystal-rich granitic magmas and nearly 
synchronous, but slightly later mafic magma injections, are preserved in scatter of alkali 
elements (Fig. 4.23F) and mobile elements (Fig. 4.24C,E,F).  
 
4.6.3 Microtextural Evidence for the Presence of Volatiles 
 Miarolitic cavities are most common in granites in the southern portion of the 
pluton (Fig. 4.3). However, melt inclusions have been observed at all levels of the 
system. Water concentrations were measured in crystals and glasses using Fourier 
transform infrared spectroscopy (section 4.3). Comparisons of water concentration from 
glassy melt inclusions and adjacent positions within their feldspar or quartz crystalline 
hosts from a selection of samples that represent positions near the mafic, intermediate and 
felsic samples within the pluton (Table 4.4) (Fig. 4.36). OH- concentrations can be linked 
to relative stratigraphic position within the pluton (Fig. 4.36, 4.37) (Koteas and Seaman, 
2008). 
 Melt inclusions hosted by plagioclase feldspar in the unit (4) diorite sampled from 
an area adjacent to the pluton margin has the highest OH- concentration observed in the 
pluton (Fig. 4.36A). Quartz hosted melt inclusions also have relatively high OH- 
concentrations, especially compared with melt inclusions from the granitic portion of the 
pluton (Fig. 4.37). The relative differences in OH- concentration between melt inclusions 
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and host crystalline phases does not exhibit any systematic variation in unit (1), but 
samples from unit (3), in the center of the pluton, have the greatest spread in relative OH- 
concentration (Fig. 4.36).  A decreasing trend of OH- concentration is observed from melt 
inclusions in granite exposed in the center of the pluton towards granite exposed in the 
south. A more subtle oscillatory trend in OH- concentration, from diorites exposed at the 
northern margin of the pluton, to the locus of injections, and to granite at the 
southernmost portion of the pluton can be distinguished. Traverses of OH- concentration 
measurements across each glassy melt inclusions and into host feldspar crystals (Fig. 
4.38) and devitified melt inclusions into host crystals (Fig. 4.39) show that higher 
concentrations of OH- are present adjacent to devitrified inclusions.  Conversely, glassy 
melt inclusions appear to have a relatively higher overall concentration of OH- while host 
crystalline phases are relatively anhydrous. 
 Relative OH- concentration maps of glassy and devitrified melt inclusions (Fig. 
4.38 and 4.39) as well as maps of prevalent textural features such as graphic texture (Fig. 
4.40) are helpful for interpreting potential zones for mobilizing or storage of volatiles. 
OH- concentrations in melt inclusions from diorites hosting relatively higher 
concentrations of greenstone xenoliths are elevated over other nearby samples as well as 
host feldspars (Fig. 4.36).  
 
4.6.4 Potential Effects of Volatile Mobility 
 Field relations and Fourier transform infrared spectroscopy studies of melt 
inclusions and crystals appear to correlate the concentration of wall-rock xenoliths with 
the concentration of volatiles. This variation seems to be coincident with a decrease in the 
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concentration of greenschist facies wall-rock xenoliths from north to south within diorites 
in unit (1) (Fig. 4.36). This phenomenon might be related to the breakdown of chlorite, 
actinolite and epidote as greenstone blocks were digested, producing volatiles that were 
trapped and preserved within melt inclusions. Volatiles that were trapped during 
crystallization in feldspars may have been subsequently exsolved during the reheating 
and mechanical interaction experienced by diorites near the main magma injection site, in 
the area of unit (5) gabbro (Fig. 4.3). 
 OH- concentration in the host feldspar crystals increases from unit (3) granites to 
unit (4) granites. This may be related to the relative increase in the concentration of 
devitrified melt inclusions (Fig. 4.39) approaching the southernmost exposures of the 
pluton (Fig. 4.36). Evidence for the concentrations of volatiles at the interfaces between 
crystalline hosts and devitrified melt inclusions, as well as internal crystal variation (Fig. 
4.40), suggest that the evolution of fluid pathways are integral in the generation of late 
stage igneous textures as well as chemical mobilization.   
 Granite samples show the opposite trend in terms of relative OH- concentration 
between melt inclusions and crystals (Fig. 4.36B).  This may be due to the relative 
overall increase in the total volume of melt inclusions (Fig. 4.37), many of which are 
devitrified, in granite samples from the center and southern portions of the pluton.  The 
relative decrease in OH-concentration within glassy melt inclusions, from the center of 
the pluton to the south, may represent main-stage OH- concentration in magmas that were 
progressively devolatilized approaching higher stratigraphic levels of the hypabyssal 
Gouldsboro magma chamber.  Likewise, OH- concentrations in feldspar crystals may 
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represent later stage processes, such as volatile migration in response to later injections as 
well as devitification of existing melt inclusions. 
 These observations suggest that processes such as wall rock assimilation, late 
mafic and felsic injections, and stratigraphic position during crystallization exert 
fundamental controls on volatile concentration and availability in shallow crustal magma 
chambers like the Gouldsboro pluton.  Additionally, it is possible that these processes are 
capable of mobilizing volatiles during and after the main-stage crystallization. It is also 
possible that such effects could significantly influence the diffusion of trace elements 
such as Sr, Rb, and Ba as well as rare earth elements such as Ce (Fig. 4.24) that might 
account for variability that is difficult to ascribe to equilibrium crystallization. The 
availability of volatiles also effects melt structure (Ren, 2004), which directly influences 
the partitioning of light rare earth elements between melt and feldspar. The potential 
mobility of volatiles appears to be linked to processes of wall-rock interaction nearest to 
the main injection site in the northern portion of the pluton and the relative stability of 
melt inclusions in granites in the middle and southern portions of the pluton. Volatile 
activity significantly influenced the crystallization sequence throughout the pluton.       
 
4.7 Development of Pluton Architecture 
 Bimodal plutons in the shallow crust represent a variety of geometric 
configurations. Shallow crustal intrusions are commonly modeled as basin-shaped bodies 
formed by 1) repeated intrusions and subsequent floor subsidence (Wiebe and Collins, 
1998), 2) deformation of wall rocks (Castro and Fernandez, 1998), 3) stoping (Yoshinobu 
et al., 2003), 4) ballooning diapirism (Goodwin, 1994; Paterson and Vernon, 1995) in 
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either an extensional (Hogan et al., 1998; Lacroix et al., 1998), and/ or 5) a contractional 
(Brown and Solar, 1998) setting.  Nevertheless, not all pluton architecture (bimodal or 
homogeneous) can be ascribed to one of these models.  Asymmetric injection zones 
closer to the walls of a magma chamber (Patrick and Miller, 1997; Harper et al., 2005), 
rapid dike-related pluton growth (Gerbi et al., 2004), and/or response and relaxation of 
wall rocks due to time lags between injection pulses (Vigneresse, 2005) may all lead to 
the production of non-basin-shaped magma chambers.   
 Generation of hybrid diorites by local magma mixing (Fig. 4.4, 4.6), the presence 
of mafic pillowing zones (Fig. 4.8, 4.9) and enclave-rich areas (Fig. 4.11, 4.12), 
geochemical signatures suggesting subtle heterogeneity in granite near to elevated 
concentrations of mafic material (Fig. 4.23), and microtextural evidence of changing 
thermal and chemical conditions of granites (Fig. 4.33) and diorites (Fig. 4.34) suggest 
that the construction of the Gouldsboro pluton is dominated by mafic-felsic magma 
interaction, especially in the northernmost exposures of the system. The overall chemical 
and textural heterogeneity of hybrid diorites of unit (1) to the north and mechanical 
mingling zones in unit (2a) surrounding the exposures of unit (5) gabbros also indicates 
the presence of a major conduit through which a both felsic and mafic magma pulses 
injected into the system. Additionally, a series of smaller, magma injections directly 
affected higher levels of the plutonic stratigraphy to generate enclave rich-zones in unit 
(4b). Geochemical and textural evidence from samples of hybrid diorites in unit (1) 
suggest that both chemical digestion and mechanical disaggregation of meta-sedimentary 
and meta-volcanic wall rocks were also important processes in the development of the 
pluton.  Because of the periodic dike-like injections of new magmas into a partially 
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crystalline chamber, multiple episodes of disruption and mechanical reactivation of the 
stratigraphy appear to have occurred.  
 
4.7.1 Modification of Intra-Chamber Structures by Repeated Magma Pulses 
 Incremental injections of felsic and mafic magmas appear to have disrupted and 
reactivated the plutonic stratigraphy of the Gouldsboro pluton. Evidence suggesting that 
semi-solid as well as completely crystallized portions of the Gouldsboro magma chamber 
were reactivated and remobilized during subsequent magma injections to generate 
extensive zones of chemical and mechanical mingling is best preserved in unit (1) and 
areas immediately adjacent (1-2 kilometers) from unit (5) gabbro within the locus of late 
injections into the system. As new batches of magma intruded in a dike-like fashion into 
the crystal rich base of the Gouldsboro system, weaknesses within the existing plutonic 
stratigraphy forced these injections to flow laterally.  Mafic magma flowed laterally from 
the injection zone, exploiting gravitational and flow-front instabilities, plucking-free and 
incorporating pods of viscous, crystal-rich magmas or solid blocks of material. 
 Enclaves from different proximities to the injection zone were picked-up during 
continued lateral transport of the latest magma batch and then “deposited” to create 
chaotic zones containing high-concentrations of intra-chamber blocks that vary in both 
texture and composition (similar to the models of Wiebe and Collins, 1998; Harper et al., 
2005).  At the outcrop scale, intraplutonic “breccias” zones from unit (2a) are 
characterized by elongate sub-angular enclaves of felsic, intermediate, and mafic 
compositions (Fig. 4.12).  These zones are dominated by magmatic enclaves, but some 
areas include sub-angular meta-sedimentary or meta-volcanic xenoliths (Fig. 4.41). 
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 Outcrop scale evidence of mechanical disaggregation of the plutonic stratigraphy 
is complemented by microstructural evidence of magma interaction, such as corrosion of 
plagioclase and alkali-feldspar phenocrysts (Fig. 4.34A), microgranitoid enclaves 
containing subhedral zoned plagioclase phenocrysts (i.e. Fig. 4.33), and intermediate to 
mafic enclaves that have aphanitic rinds (Fig. 4.11).  Areas that are dominated by 
mechanical mingling do not preserve as much evidence for diffusive interaction between 
discrete batches of magma (Fig. 4.12), which is displayed well by hybrid diorites from 
unit (1) (Fig. 4.7 and 4.25).  However, samples from areas characterized by evidence of 
mechanical interaction do preserve geochemical variability (Fig. 4.26). This suggests that 
materials that collected in intraplutonic “breccias” zones crystallized from magmas that 
had either slightly different source characteristics or underwent more or less extensive 
interaction with mafic magmas at or just below the base of the pluton. 
 The development of planar “breccia” zones near the base of the Gouldsboro 
pluton are similar to mechanical mingling zones for which sedimentary analogs such as 
debris flows or other collapse generated structures have been invoked (i.e. Harper et al., 
2005).  Mechanical instabilities at the front of a low-angle, pro-grading mafic lobe could 
create breccia-like zones of disaggregated plutonic layers after a magma injection reaches 
a rheological interface while rising upward through the partially molten chamber.  
Enclave-rich zones in unit (2) cannot completely adhere to this model as no evidence of 
gravitational collapse from high levels of the chamber to the base exists. Instead, magma 
fragmentation could be induced by extension along thermally induced, but very localized 
zones of transtension (Fig. 4.42) (Koteas and Seaman, 2007b).  Late mafic and felsic 
injections that were not capable of penetrating the lowest levels of the pluton interacted 
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with more evolved, crystal-rich granitic layers. The resulting features of these interaction 
zones were preserved as some of the lowest and most heterogeneous portions of the 
plutonic stratigraphy (i.e. unit (2)).  The additions of heat and material produced localized 
chemical interactions between compositionally and rheologically disparate magmas, 
leading to the generation of isolated enclaves that are both texturally and compositionally 
dissimilar, but in close proximity. 
 Enclave-rich zones are also present in some of the southernmost exposures of the 
pluton. In unit (4b) (Fig. 4.3), at least two distinct zones display high concentrations of 
meter scale felsic and intermediate rounded, pillows and enclaves (Fig. 4.43).  These may 
represent discrete periods of late mafic injection into the base of the pluton that promoted 
mobilization of magmas toward the top of the system. These features reinforce the 
interpretation that the thermal perturbations may have affected all levels of the pluton.  
 Mechanical reworking of the plutonic stratigraphy in unit (2a) contrasts with 
samples from unit (1) diorite that are compositionally distinct from granitic portions of 
the pluton (Fig. 4.24, 4.27). Evidence from field studies, microtextures, and geochemistry 
suggest that this section of the pluton was generated by localized mixing of mafic and 
felsic magmas and effected by periodic additions of heat and new material that disrupted 
the path of crystallization.  Microtextural evidence suggests that this unit may have 
remained for extended periods at elevated temperatures, which enhanced pathways for 
chemical diffusion. It is possible that this may have obscured evidence for mechanical re-
working in this area, which is best preserved in the “breccias” zones in unit (2a) (Fig. 
4.12) along the northeastern margin of the Schoodic Peninsula (Fig. 4.3).  
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 Prolonged periods of elevated temperatures within unit (1) may have aided the 
digestion of greenstone xenoliths providing important major element constituents to assist 
in the generation of intermediate magmas and volatiles (Fig. 4.36A). The greatest 
abundance of greenstone xenoliths, typically meter-scale blocks, is within a few hundred 
meters of the contact between unit (1) diorites and the pluton margin with the Flanders 
Bay greenstone.  Greenstone blocks become progressively less coherent, smaller, and 
preserve more evidence for partial melting further from the wall rock contact.  Xenolithic 
blocks become gradually less common where unit (1) gradationally transitions, over ~300 
meters, into unit (2) granite.  When present in the transition zone between unit (1) and 
(2), greenstone xenoliths are <5 – 8 cm diameter aphanitic enclaves. The distribution of 
these enclaves suggests that host rock interaction near the base of the Gouldsboro pluton 
was largely restricted to diorites from unit (1).  
 
4.7.2 Pluton Construction Model for the Gouldsboro Pluton 
 Basin-style models for pluton construction, such as that described for the 
neighboring Cadillac Mountain intrusive complex on Mount Desert Island (Wiebe, 1994), 
are appropriate for many middle- and shallow-crustal magma chambers.  Nevertheless, 
field relations from unit (1) diorites such as textural heterogeneity at the decimeter to 
meter scale (Fig. 4.4, 4.6) and mafic pillow zones (Fig. 4.8, 4.10, 4.11) and enclave zones 
(Fig. 4.12) in unit (2a) suggest that mafic injections have disrupted and reactivated the 
igneous stratigraphy.  The presence of composite dikes also suggests that discrete 
conduits were used to transport mafic and felsic magmas (Fig. 4.18) in addition to a 
major injection site located off-axis relative, near the wall-rock interface, in the area of 
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unit(5) gabbro (Fig. 4.3). Geochemical signatures of hybrid diorites in unit (1) and unit 
(2a) show heterogeneity associated with localized mixing of felsic and mafic magmas and 
subtle contamination of granites, respectively (Fig. 4.23 to 4.28). Intrusion of mafic 
magmas into previously existing shallow angle structural discontinuities produced sub-
horizontal magma sheets (Fig. 4.44A,B and 4.8B).  Left undisturbed, felsic sheets would 
be expected to fractionally crystallize, producing a plagioclase-rich base and volatile-rich 
silicic top.  Instead, repeated pulses of both felsic and mafic magma added heat and new 
material to the system and disrupted the predicted plutonic stratigraphy (Fig. 4.11 and 
4.12), especially in close proximity to the locus of repeated injections in the area of unit 
(5) (Fig. 4.3, 4.44B,C).  Repeated periods of chemical and mechanical interaction 
between mafic and felsic magmas, sourced from different structural levels beneath the 
evolving magma chamber, led to diverse geochemical (i.e. Fig. 4.25) and isotopic (Fig. 
4.28) signatures as well as localized textural discontinuities (Fig. 4.44D and 4.33).  The 
resulting pluton stratigraphy can be characterized by three criteria: A) those dominated by 
evidence for mechanical mingling such as mafic pillow zones in unit (2a) and enclave-
rich zones in unit (4b) (Fig. 4.43), B) areas of localized mixing such as unit (1) diorite, 
and C) largely macroscopically homogeneous granite zones such as unit (3) and (4a) that 
are furthest from areas of late mafic injections, but characterized by local isotopic 
variation (Fig. 4.44E).   
 This proposed model of pluton construction would result in extensive mechanical 
and chemical interaction in some portions of the system (i.e Fig. 4.4), closest to injection 
sites, while unit (3) granite in the center of the pluton would be more insulated from 
mingling processes (Fig. 4.13A).  Replenishments of magma into the base of the tabular 
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Gouldsboro pluton led to mechanical re-working of the stratigraphy and chemical 
mingling that are not well accounted for in previous models. 
 In unit (4b), intermediate- to felsic-enclaves (Fig. 4.43) are interpreted as the 
products of lateral movement of evolved melts resulting from the thermal reactivation 
and mingling of granite and granodiorites lower in the system (Fig. 4.44D,E).  These 
materials rose buoyantly through the still-ductile upper portions of system.  The overall 
resulting structure is a series of shallowly south-dipping, on-lapping sheets that have been 
variably reactivated by the thermal and chemical influences of late magma pulses (Fig. 
4.44E).  This geometry only loosely reflects features of a basin-like pluton structure such 
as that described for the Cadillac Mountain intrusive complex (Wiebe, 1994). 
 The geometry of the Gouldsboro pluton suggests one of two possible models for 
the early history of the magma chamber.  In one scenario (Fig. 4.44), basaltic magmas 
intruded the shallow crust and were emplaced in a sill-like fashion along previously 
existing low-angle structural discontinuities. Subsequently, felsic magmas derived from 
extensive partial melting at depth, probably related to the throughput of mafic magmas, 
pervaded the existing mafic sill and either ponded at the base of this region or transited 
vertically as dikes (Fig. 4.44B).  Felsic pulses that invaded gabbroic sills spread laterally 
along the discontinuity between recently emplaced gabbros and shallow-angle 
discontinuities in the country rock south of the main injection site in the area of unit (5) 
gabbros (Fig. 4.44C).  Subsequent mafic and felsic injections appear to have shared many 
of the same conduits of vertical transport (now preserved in broad mechanical mingling 
zones along the eastern shore of West Bay (Fig. 4.12) or as more discrete composite dike 
conduits (Fig. 4.18) on the western shore of the Schoodic Peninsula) and flowed laterally 
123 
 
on top of previously emplaced granitic sheets, creating the present geometry of 
overlapping, gently south-dipping granitic sheets (Fig. 4.44E). 
 An alternative interpretation varies from the previous model in the order of initial 
injections. In this scenario, felsic magmas preceded all mafic injections.  These injections 
would have created a relatively thin, felsic, tabular chamber that began to fractionally 
crystallize (similar to the tabular granitic body depicted at the base of the gabbroic sill in 
(Fig. 4.44B).  Subsequent felsic injections could have buoyantly risen through the 
crystal-rich base and then spread laterally within the portions of the chamber that 
remained melt-rich.  Subsequent mafic injections would have been less successful in 
pervading the crystal-rich base of the system, resulting in a large volume of mafic magma 
ponding at the basal interface between the felsic chamber and country rock at depth.  
Mafic injections that did pervade the system resulted in mingling with crystal-rich areas, 
which are preserved as areas of chaotic mechanical interaction adjacent to injection sites 
(i.e Fig. 4.44). Localized mixing of mafic and felsic magmas, at the level of 
emplacement, led to the generation of hybrid diorites northeast of the main injection site 
(Fig. 4.6, 4.7, 4.24). Heat derived from mafic injections had the most significant effect in 
this area and promoted localized diffusive exchange between late mafic pulses and 
partially-crystalline resident felsic rocks. 
 While the current configuration of the Gouldsboro system at depth (Fig. 4.44E) 
could be explained by either of the models described above, the former sequence (as 
depicted in Fig. 4.44A-D) appears to be more applicable.  This model is preferred 
because regional geophysical data (Hodge et al., 1982) shows of a positive Bouguer 
gravity anomaly in area of the Schoodic Peninsula. This data suggest that a relatively 
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high-density zone exists within a few kilometers below the surface on the Schoodic 
Peninsula. This feature is likely to be a mafic body below the granitic portion of the 
pluton. Seismic interpretations by Kafka and Ebel (1988) suggest that the region in the 
area of the Schoodic Peninsula is generally faster crust as compared to areas inland to the 
north and west. This suggests that the crust in this region is somewhat thinner than the 
surrounding region and be characterized by a relatively higher concentration of mafic 
magmas than is suggested by the distribution of granitic rocks at the surface.  
 Field relations in the northwestern part of the pluton suggest that mafic and felsic 
pulses of magma injected into the system nearly simultaneously during the construction 
of the pluton. This phenomenon would have been less feasible if subsequent mafic 
injections were likely to be trapped beneath an early-formed tabular granitic body. It also 
likely that more clear evidence of simple fractional crystallization would be preserved if 
the initial pulse to generate the Gouldsboro pluton was felsic. Lastly, mafic magmas flow 
more readily and can potentially take advantage of low-angle structural discontinuities.  
Relatively more viscous pulses of crystal-rich felsic magma would likely not be able to 
inherit similar low-angle structural features without more volumetric magmatism than is 
preserved in the Gouldsboro pluton. Geophysical data as well as field relations of mafic-
felsic magma mingling preserved near the most heterogenous part of the Gouldsboro 
pluton suggest that a model of pluton construction that begins with a pulse of mafic 
magmatism (Fig. 4.44A) is more applicable. 
 The result of the construction process of the Gouldsboro pluton (Fig. 4.44) was a 
series of on-lapping granitic sheets that underwent localized mechanical mingling with 
mafic magmas closest to shared zones of late injection, while more subtle geochemical or 
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isotopic heterogeneities were produced via chemical mingling within: 1) texturally 
homogeneous (Fig. 4.13A), volatile-rich (Fig. 4.35) granite in the center and approaching 
the southern part of the system and 2) texturally heterogeneous diorite near the lowest 
exposed portions of the system.  The result of these processes (Fig. 4.44) was to produce 
a relatively thin, broadly tabular granitic pluton, overlaying a mafic base, which was 
generated by repeated, discrete felsic and mafic injections.  These injections 
dismembered partially crystallized layers and produced localized zones of either 
mingling, such as unit (2b), or (4b) or localized mixing, such as unit (1).  
 
4.8 Conclusions 
 Studies of bimodal magma systems offer a rare glimpse into the chaotic mingling 
and mixing processes that likely characterize zones of magma storage and transport at 
depth in tectonically active regions all over the globe.  The generation of bimodal 
systems suggests that the influence of mafic magmas on zones of dominantly felsic 
continental crust is important both as a source of heat and chemical components. Textural 
and geochemical features within bimodal system offer critical insights into the 
heterogeneity that most likely characterizes zones of magma transport and storage during 
orogenesis.  
 Field evidence, petrographic studies, and geochemical data all suggest that the 
development of the Gouldsboro pluton is fundamentally linked to the episodic 
construction by incremental pulses of both felsic and mafic magmas.  These magmas 
mixed and mechanically mingled beneath and within the pluton creating distinct zones of 
geochemically homogeneous but isotopically heterogeneous granite, hybrid diorite and 
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gabbro, and mechanically mingled mafic-felsic zones of interaction. Despite the dynamic 
construction history of the Gouldsboro pluton, the system preserves a definable and 
cohesive overall geometry.  Dike injections initially took advantage of inherited, 
shallowly-dipping super-crustal structures and flowed laterally away from the main locus 
of injection (Fig. 4.44A).  Magmatic sheets set-up near-horizontal zones of weakness that 
were either pervaded by later dike fed injections or became an impediment to injections 
and forced them to also spread laterally (Fig. 4.44B-D).  The resulting structure of the 
Gouldsboro pluton is a series of shallowly south-dipping, on-lapping granitic sheets that 
have been variably mechanically and/or chemically contaminated by mafic magmas or 
wall-rock xenoliths (Fig. 4.44E).  
 The Gouldsboro pluton preserves an intriguing set of bimodal features that are an 
excellent illustration of the role of mafic injections into felsic magma chambers.  
Mechanical mingling processes as well as diffusive interaction between magmas with 
unique source histories created a geochemically and isotopically heterogeneous pluton.  
This work indicates that magma chambers that are developed by multiple incremental 
pulses of felsic magma, along with discrete mafic pulses, may still produce texturally 
homogeneous and, frequently geochemically homogeneous granite.  However, these 
processes also produce zones of heterogeneity that are an excellent record of the pluton 
evolution.  This work indicates that mafic-felsic magma interaction can significantly 
affect the geochemistry, mineralogy, and overall geometry of a shallow crustal pluton. 
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Table 4.1: Gouldsboro Plutonic Stratigraphy (continued on next page). 
Unit General Description Composition Geochemical Characteristics 
Unit (1) 
Texturally and compositionally 
complex series of diorites and gabbros 
that separate the northern-most rocks of 
the Gouldsboro pluton from the ~360 
Ma Tunk Lake pluton, an undated 
greenschist facies metabasaltic-andesite 
Variation in texture and composition 
occurs on the centimeter to meter scale. 
Genrally, this rock is a plagioclase (40-
45 %) + hornblende (20-25%) + 
clinopyroxene (10-15 %) + alkali 
feldspar (5-10 %) + oxides (~5 %) ± 
biotite granodiorite to diorite. 
Compositional variation from diorite to gabbro 
can be very localized, but samples are typically 
rich in Fe, Mg, Mn, and Ti and low in Na and 
K. Samples from this unit are also 
characterized by a negative Nb anomaly not 
present in samples from elsewhere in the 
pluton. 
Unit (2) 
Medium-to coarse-grained granite that 
hosts varying concentrations of mafic 
pillows and intrplutonic mafic sheets. 
The unit is subdivided into an area with 
higher concentrations of mafic-felsic 
mechanical mingling zones, unit (2a), 
and areas where field evidence for 
mafic-felsic interaction is less common. 
Relative concentration of Na- vs. K-rich 
feldspar, the local abundance of graphic 
textures, and concentration of hornblende 
versus biotite can be used to separate unit 
(2a) and (2b). Generally, this rock is an 
orthoclase (35-40 %), albite (20-25 %), 
quartz (15-20 %), plagioclase (10-15 %), 
biotite and hornblende (5-10 %), and 
oxides (<5 %) granite.   
Granites from unit (2) can be separated into 2-3 
distinct groups based on concentration of Ti, 
Mg, Ca, Ce, Y, and V. Trace element variation 
is more erratic than in other granite samples 
from within the pluton, especially in terms of 
Rb and Ba. Unit (2) granites have a distinct 
negative Sr anomaly, characteristic of all 
granite samples fromt the pluton. 
Unit (3) 
Unit (3) granite is the most voluminous 
unit and is characterized by fine- to 
medium-grained, light pink to tan 
granites in the center of the Schoodic 
Peninsula. Subdivided into two units 
based on the relative concentration of 
distinct zone of aplitic granite that is 
concentrated in unit (3b). 
Dominant granite is orthoclase (45-50 
%), quartz (35-40 %), albite (15-20 %), 
biotite (5 %), hornblende (<5 %), and 
plagioclase (<5 %). Aplitic granite has a 
groundmass of alkali feldspar (75-80 %) 
+ quartz (20-25 %) with rare phenocrysts 
of subhedral plagioclase. 
Fine- to medium-grained granites are lower in 
Fe, Mg, Mn, and Ca than unit (2) granite to the 
north. This granite also has more variability in 
the concentration of the alkali elements and the 
mobile elements than unit (4) granite to the 
south. Unit (3) granite has negative Sr and Ti 
anomalies similar to unit (4) granites. 
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Table 4.1: Continued. 
Term Expected Field Observations Expected Textures Potential Geochemical Effects 
Unit (4) 
This granite is fine grained and 
commonly off-white to pinkish-tan 
color.  Localized zones of high 
concentrations of miarolitic cavities 
are present. Unit (4) is subdivided into 
two parts: unit (4b) has relatively 
higher concentrations of fine-grained 
felsic enclaves and wall-rock xenoltihs 
as compared with unit (4a). 
Unit (4) granite is composed of K-
feldspar (65-70%), quartz (30-35 %), 
biotite (<5 %), oxides (<5 %) and 
epidote (<5 %).Sub-rounded, very fine 
grained, 5 cm – 3 m diameter felsic 
enclaves (quartz 55-60 % + K-feldspar 
40-45 %) that contain vugs and 
amygdules are present, but are most 
common in unit (4b). 
Granites from unit (4) are considered to be the 
most evolved in the system and have the 
higherst relative concentration of miarolitic 
cavities and divitrified melt inclusions. Unit 
(4) is the most K-rich, but has pronounced 
negative Sr and Ti anomalies as well as the 
lowest relative concentration of Fe, Mg, Mn, 
Ca and the immobile elements.  
Unit (5) 
Unit (5) is dominated by coarse 
grained olivine, clinopyroxene, 
orthopyroxene gabbros. Hornblend-
rich granodiorites are also present, but 
are quite localized. The unit is 
bounded on the east by a chaotic 
breccia-like zone of mechanical 
mingling. 
Massive coarse grained gabbro consists 
of plagioclase (20-35 %), olivine (15-20 
%), clinopyroxene (20-25 %), 
orthopyroxene (10-15 %) and 
hornblende (10-15 %).  Gabbros display 
centimeter to meter scale rhythmic 
layering defined by variations in the 
ratio of plagioclase to pyroxene 
concentration. 
Unit (5) gabbro plots similarly to hybrid 
diorite-gabbros from unit (1), but are typically 
more enriched in the transition metals and are 
very low in La, Ce, Sr, and Zr relative to 
rocks from unit (4). 
Felsic 
Enclaves 
Very fine grained felsic-intermediate 
enclaves are angular to subangular and 
are typically <15cm2. Felsic enclaves 
are divided into two groups in terms 
of relative potassium content and are 
texturally similar to aplitic granites 
from unit (3), but are geochemically 
distinct. 
Enclaves are typically more 
plagioclase-rich than granites from the 
plutonic stratigraphy. Some enclaves 
have relatively elevated concentrations 
of hornblende-dominated mafic clots. 
Felsic enclaves are considerably elevated in 
Ti, Fe, Mg, and Ca compared to granites 
within the plutonic stratigraphy. High- vs. 
low-K samples can also be divided based on 
relative Rb, Ba, and Th content. Enclaves also 
have a positive Y anomaly that is not shared 
by other granites in the pluton. 
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Table 4.2: Whole rock geochemical dataa (continued on next page).     
Sample   CKGP-08A(1) 
CKGP-
08A(2) 
CKGP-
08A(2) 
09CKGD-
b01 
09CKGD-
b012 
09CKGD-
b016 
Unit   Unit 1 Unit 1 Unit 1 Unit 1 Unit 1 Unit 1 
SiO2 Wt.% 73.428513 73.185669 72.862511 54.25 56.23 56.09 
TiO2 Wt.% 0.2896328 0.2930412 0.2904344 0.88 0.73 0.93 
Al2O3 Wt.% 13.916157 13.953977 13.951018 15.64 15.59 15.68 
Fe2O3* Wt.% 2.2935073 2.5420029 2.3432541 9.49 8.24 9.53 
MnO Wt.% 0.0360205 0.0374976 0.0327252 0.2 0.23 0.19 
MgO Wt.% 0.7487887 0.7540597 0.7596182 5.83 4.94 4.7 
CaO Wt.% 2.1751597 2.2946618 2.2963743 8.93 7.16 7.62 
Na2O Wt.% 3.7456546 3.6693549 3.6465907 3.14 3.91 3.75 
K2O Wt.% 3.267395 3.227025 3.1972492 0.68 1.74 0.84 
P2O5 Wt.% 0.0838529 0.0853754 0.0874295 0.08 0.09 0.11 
Total Wt.% 99.984688 100.04267 99.467209 99.12 98.86 99.44 
Rb ppm 106.7 105.7 105.7 28 60 31 
Sr ppm 142 142 142 210 210 273 
Ba ppm 458 466 466 125 189 207 
Y ppm 30.8 31.7 31.7 25 33 29 
Zr ppm 159 154 154 70 104 117 
V ppm 24 25 25 230 184 233 
Ni ppm 5 5 5 30 30 16 
Nb ppm 9 9.2 9.2 2 4 3 
Ga ppm 15 14 14 16 15 18 
Zn ppm 23 27 27 110 88 84 
U ppm 2 2 2 1 n/d n/d 
Th ppm 13 12 12 2 2 4 
La ppm 22 23 23 6 3 15.2 
Ce ppm 52 56 56 26 27.5 37.3 
Pb ppm 8 7 7 2 3 4 
Cr ppm 12 13 13 86 112 54 
a n/d = not detected 
n.a. = not available 
* data from Wiebe and Adams, 1997 
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Table 4.2: Continued on next page.       
Sample   09CKGD-b023 
09CKGD-
b031 
CKGP-
07b 
09CKGD-
b040 
CKGP-
121 
09CKGD-
b019 
Unit   Unit 1 Unit 1 Unit 1 Unit 2 Unit 2 Unit 2 
SiO2 Wt.% 52.46 54.36 50.033086 74.58 73.382355 72.76 
TiO2 Wt.% 0.79 0.88 3.5495967 0.29 0.3084794 0.31 
Al2O3 Wt.% 15.7 15.95 13.900607 13.77 13.922038 13.82 
Fe2O3* Wt.% 8.94 9.15 14.538225 2.71 2.2598605 3.37 
MnO Wt.% 0.19 0.14 0.2542083 0.11 0.0362746 0.11 
MgO Wt.% 5.88 5.6 4.3769518 0.45 1.021616 0.37 
CaO Wt.% 8.89 8.92 8.4030654 1.74 2.3233795 1.69 
Na2O Wt.% 3.95 3.83 4.4126992 5.86 5.0507846 4.61 
K2O Wt.% 0.8 0.67 0.8911559 0.7 1.7397912 2.97 
P2O5 Wt.% 0.06 0.06 0.5714725 0.05 0.0965971 0.06 
Total Wt.% 97.66 99.56 100.36 100.26 100.14117 100.07 
Rb ppm 40 20 24.4 20 38.6 74 
Sr ppm 280 216 287 197 177 143 
Ba ppm 158 124 320 265 221 666 
Y ppm 22 20 40.6 57 28.7 55 
Zr ppm 67 86 273 351 173 391 
V ppm 228 232 132 11 28 13 
Ni ppm 37 35 10 2 12 2 
Nb ppm 1 1 2 12.5 10.1 11.9 
Ga ppm 16 16 19 17.6 11 19.6 
Zn ppm 104 72 76 92 17 78 
U ppm n/d n/d n/d 1 2 1 
Th ppm 2 3 4 12 13 4 
La ppm 10.5 8.3 22 10 22 18 
Ce ppm 18.1 15.6 26 55 55 50 
Pb ppm 1 n/d 6 6 2 4 
Cr ppm 128 122 26 8 15 5 
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Table 4.2: Continued on next page.     
Sample   09CKGD-b020 
09CKGD-
b021 
09CKGD-
b037 
CKGP-
123(1) 
CKGP-
123b 
CKGP-
123(2) 
Unit   Unit 2 Unit 2 Unit 2 Unit 2 Unit 2 Unit 2 
SiO2 Wt.% 73.11 73.8 73.78 69.074432 68.206703 68.986191 
TiO2 Wt.% 0.31 0.29 0.25 0.7399979 0.7127914 0.7316398 
Al2O3 Wt.% 13.68 13.56 13.62 14.7499 14.644836 14.908393 
Fe2O3* Wt.% 3.14 3.22 2.26 5.9203343 6.5653095 5.8231244 
MnO Wt.% 0.08 0.06 0.06 0.1181435 0.1166602 0.1123302 
MgO Wt.% 0.39 0.28 0.96 1.9220216 1.9149725 1.899883 
CaO Wt.% 1.79 1.57 1.96 1.2744656 1.2707899 1.1680572 
Na2O Wt.% 6.09 4.94 3.84 4.9219079 4.9185481 4.9505076 
K2O Wt.% 0.61 2.11 3.34 1.5865065 1.5798143 1.5655489 
P2O5 Wt.% 0.06 0.06 0.06 0.1299651 0.1303848 0.127605 
Total Wt.% 99.26 99.89 100.13 100.43768 100.06081 100.27328 
Rb ppm 17 49 129 42 41.7 41.7 
Sr ppm 186 157 114 68 68 68 
Ba ppm 199 587 438 276 276 276 
Y ppm 65 72 31 36 35.7 35.7 
Zr ppm 364 400 149 310 310 310 
V ppm 12 12 34 76 76 76 
Ni ppm 1 2 16 23 23 23 
Nb ppm 12.7 15.5 8.1 15 14.7 14.7 
Ga ppm 18.7 20.5 13.7 15 15 15 
Zn ppm 42 40 31 74 74 74 
U ppm 2 n/d 2 1 1 1 
Th ppm 14 12 11 11 11 11 
La ppm 22 24 9 30 30 30 
Ce ppm 52 56 47 77 77 77 
Pb ppm 5 3 7 8 8 8 
Cr ppm 8 14 16 62 62 62 
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Table 4.2: Continued on next page.     
Sample   CKGP-123c CKGP-93 
CKGP-
93b 
CKGP-
98(11) 
CKGP-
196 
CKGP-
198 
Unit   Unit 2 Unit 3 Unit 3 Unit 3 Unit 3 Unit 3 
SiO2 Wt.% 69.331001 76.821922 77.098053 76.407715 76.3 76.4 
TiO2 Wt.% 0.7367546 0.1787936 0.1798982 0.170105 0.171 0.17 
Al2O3 Wt.% 14.78526 12.452702 12.432094 12.697212 12.6 12.7 
Fe2O3* Wt.% 5.8727832 1.8580029 1.8054707 2.0590258 2.1 2.06 
MnO Wt.% 0.1180143 0.0679979 0.0728115 0.0656348 0.063 0.065 
MgO Wt.% 1.9009957 0.2650413 0.2699947 0.1910144 0.19 0.19 
CaO Wt.% 1.1376565 0.8672698 0.871819 0.839425 0.84 0.82 
Na2O Wt.% 5.046556 4.1035333 4.082026 4.0694294 4.35 4.1 
K2O Wt.% 1.5615888 2.9814894 3.0092251 3.3778474 3.38 3.35 
P2O5 Wt.% 0.1231818 0.0248905 0.0248135 0.0195057 0.021 0.019 
Total Wt.% 100.61379 99.621635 99.846207 99.896919 100.015 99.874 
Rb ppm 41.4 101.4 101.4 n.a. 74.5 109.6 
Sr ppm 67 87 87 n.a. 98 68 
Ba ppm 263 451 451 n.a. 447 468 
Y ppm 35.2 49.1 49.1 n.a. 62.9 60.7 
Zr ppm 317 186 186 n.a. 259 244 
V ppm 77 5 5 n.a. 3 3 
Ni ppm 23 n/d n/d n.a. 1 1 
Nb ppm 14.6 14.4 14.4 n.a. 16.5 15.6 
Ga ppm 15 15 15 n.a. 18 17 
Zn ppm 74 39 39 n.a. 29 39 
U ppm 1 3 3 n.a. 2 2 
Th ppm 12 15 15 n.a. 12 14 
La ppm 32 39 39 n.a. 24 45 
Ce ppm 75 93 93 n.a. 89 111 
Pb ppm 8 12 12 n.a. 8 8 
Cr ppm 65 3 3 n.a. 3 3 
 
 
 
 
 
 
 
133 
 
Table 4.2: Continued on next page.         
Sample   09CKGD-b018 
09CKGD-
b024 
09CKGD-
b03 
CKGD-
bB 
09CKGD-
b034 
CKGP-
60(1) 
Unit   Unit 3 Unit 3 Unit 3 Unit 3 Unit 3 Unit 3 
SiO2 Wt.% 76.83 76.22 75.14 75.51 74.01 76.93528 
TiO2 Wt.% 0.16 0.19 0.21 0.24 0.25 0.1876932 
Al2O3 Wt.% 12.56 12.47 12.78 13.02 12.81 12.210898 
Fe2O3* Wt.% 1.66 0.96 2.23 2.74 0.96 1.9129674 
MnO Wt.% 0.03 0.06 0.06 0.05 0.08 0.0562967 
MgO Wt.% 0.23 0.05 0.16 0.23 0.05 0.2348689 
CaO Wt.% 0.98 0.87 1.07 1.37 0.79 0.8212325 
Na2O Wt.% 3.93 4.15 5.24 6.06 4.49 3.655581 
K2O Wt.% 3.45 3.44 2.74 1.12 3.21 3.4209955 
P2O5 Wt.% 0.03 n/d 0.04 0.04 0.01 0.027348 
Total Wt.% 99.86 98.41 99.67 100.38 96.66 99.463165 
Rb ppm 125 92 61 18 83 117 
Sr ppm 62 62 84 131 85 57 
Ba ppm 509 528 633 454 654 441 
Y ppm 27 78 60 76 76 43 
Zr ppm 129 225 256 316 343 200 
V ppm 12 6 n/d 3 9 4 
Ni ppm 2 2 n/d n/d 3 n/d 
Nb ppm 8.5 14.7 13.4 15.6 15.6 15 
Ga ppm 13.6 21 20.5 20.3 21.4 16 
Zn ppm 17 57 42 20 40 29 
U ppm 2 3 2 3 4 2 
Th ppm 10 12 11 12 8 12 
La ppm 27 30 19 33 36 21 
Ce ppm 92 97 88 101 94 81 
Pb ppm 8 6 6 6 8 9 
Cr ppm 4 4 3 4 2 2 
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Table 4.2: Continued on next page.       
Sample   CKGP-60(2) 
CKGD-
211 
CKGP-
153 
CKGP-
172 
CKGP-
189 
CKGP-
189(2) 
Unit   Unit 3 Unit 3 Unit 3 Unit 3 Unit 3 Unit 3 
SiO2 Wt.% 77.120964 76.973572 49.86306 77.1 77.393951 77.952713 
TiO2 Wt.% 0.1841158 0.1859107 2.728415 0.187 0.0782339 0.0838752 
Al2O3 Wt.% 12.248131 12.209107 13.534686 12.24 12.326755 12.251313 
Fe2O3* Wt.% 1.9488163 2.0594027 12.240332 1.94 1.3023065 1.3361317 
MnO Wt.% 0.0572057 0.0586007 0.1840208 0.0565 0.0306157 0.0378726 
MgO Wt.% 0.2398221 0.2461371 7.2037349 0.239 0.0512007 0.0511743 
CaO Wt.% 0.806222 1.0377519 11.340815 0.82 0.2113219 0.2186877 
Na2O Wt.% 3.6542459 3.7027583 1.9082227 3.655 3.8025303 3.9981356 
K2O Wt.% 3.4416435 3.4106715 0.5148632 3.44 4.0901909 4.1200414 
P2O5 Wt.% 0.0266631 0.0284655 0.2711307 0.0265 n/d n/d 
Total Wt.% 99.727821 99.912384 99.789284 99.704 99.290421 100.05342 
Rb ppm 116.7 116.7 100.8 103.3 112.2 112.2 
Sr ppm 60 60 83 45 28 28 
Ba ppm 428 428 516 674 410 410 
Y ppm 42.9 42.9 50.8 46.3 70.9 70.9 
Zr ppm 201 201 278 136 213 213 
V ppm 5 5 7 2 1 1 
Ni ppm 1 1 1 n/d 1 1 
Nb ppm 15.1 15.1 14 11.9 22.3 22.3 
Ga ppm 16 16 17 16 22 22 
Zn ppm 30 30 37 27 37 37 
U ppm 2 2 3 1 3 3 
Th ppm 13 13 11 10 15 15 
La ppm 20 20 31 27 50 50 
Ce ppm 78 78 76 86 127 127 
Pb ppm 8 8 9 5 5 5 
Cr ppm 3 3 2 2 6 6 
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Table 4.2: Continued on next page.   
Sample   09CKGD-b015 
CKGP-
98(3) CKGP-11 
CKGP-
188B 
CKGP-
40B 
CKGP-
40B(2) 
Unit   Unit 3 Unit 3 Unit 3 Unit 3 Unit 3 Unit 3 
SiO2 Wt.% 74.98 76.382782 78.876244 77.9 51.899776 75.186981 
TiO2 Wt.% 0.23 0.1722768 0.0717297 0.081 0.4598719 0.1957697 
Al2O3 Wt.% 13.05 12.662893 11.897957 12.31 18.441751 13.115439 
Fe2O3* Wt.% 2.91 2.0762813 1.1413472 1.32 6.7936611 2.289685 
MnO Wt.% 0.09 0.0641514 0.026706 0.035 0.1406135 0.0747844 
MgO Wt.% 0.19 0.1902134 0.0791682 0.051 7.5234132 0.2877318 
CaO Wt.% 1.09 0.8399743 0.0783399 0.0215 12.781405 1.0688627 
Na2O Wt.% 6.05 4.3617296 3.8108726 3.92 1.8039069 4.2504921 
K2O Wt.% 1.18 3.3779929 4.1519494 4.1 0.3565274 3.0849826 
P2O5 Wt.% 0.04 0.0205885 0.0059726 0.0415847 0.0302955 
Total Wt.% 99.81 100.14889 100.14029 99.7388 100.24252 99.585037 
Rb ppm 31 n.a. 129.9 74.5 10.8 10.8 
Sr ppm 109 n.a. 20 65 247 247 
Ba ppm 397 n.a. 413 508 89 89 
Y ppm 77 n.a. 55.4 60.2 16.3 16.3 
Zr ppm 342 n.a. 129 373 28 28 
V ppm 2 n.a. n/d 2 129 129 
Ni ppm 3 n.a. 1 n/d 60 60 
Nb ppm 14 n.a. 18.4 17 1.4 1.4 
Ga ppm 20.5 n.a. 18 22 16 16 
Zn ppm 53 n.a. 24 47 55 55 
U ppm n/d n.a. 3 2 n/d n/d 
Th ppm 11 n.a. 14 10 1 1 
La ppm 49 n.a. 20 43 10 10 
Ce ppm 119 n.a. 78 105 14 14 
Pb ppm 6 n.a. 8 6 6 6 
Cr ppm 5 n.a. 4 2 176 176 
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Table 4.2: Continued on next page.       
Sample   CKGD-bC 
CKGD-
bD 
09CKGD-
b09 
09CKGD-
b028 
09CKGD-
b029 
CKGP-
188B 
Unit   Unit 4 Unit 4 Unit 4 Unit 4 Unit 4 Unit 4 
SiO2 Wt.% 77.7 77.57 75.61 76.18 75.44 77.9 
TiO2 Wt.% 0.11 0.1 0.17 0.15 0.16 0.081 
Al2O3 Wt.% 11.7 12.13 12.91 12.17 12.11 12.31 
Fe2O3* Wt.% 1.45 1.45 2.35 2.55 1.71 1.32 
MnO Wt.% 0.04 0.03 0.05 0.07 0.07 0.035 
MgO Wt.% 0.07 0 0.21 0.07 0 0.051 
CaO Wt.% 0.41 0.25 1.04 0.69 0.62 0.0215 
Na2O Wt.% 4.16 3.87 4.38 4.89 4.24 3.92 
K2O Wt.% 3.72 3.91 3.46 3.02 3.31 4.1 
P2O5 Wt.% 0.01 0.03 0.02 n/d n/d 
Total Wt.% 99.37 99.31 100.21 99.81 97.66 99.7388 
Rb ppm 90 115 129 91 91 74.5 
Sr ppm 46 32 63 57 55 65 
Ba ppm 581 399 505 566 565 508 
Y ppm 100 67 62 98 69 60.2 
Zr ppm 256 282 222 305 242 373 
V ppm n/d 3 n/d 3 5 2 
Ni ppm 1 1 3 1 1 n/d 
Nb ppm 20.5 22.5 12.4 19.3 16.7 17 
Ga ppm 19.9 22.3 17.3 21.5 20.4 22 
Zn ppm 24 40.9 30 51 41 47 
U ppm 3 2 2 2 1 2 
Th ppm 14 12 16 15 13 10 
La ppm 22 26 36 44 40 43 
Ce ppm 90 74 88 83 121 105 
Pb ppm 4 6 7 9 9 6 
Cr ppm 2 4 3 6 5 2 
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Table 4.2: Continued on next page.     
Sample   CKGD-bE 
CKGP-
201 
CKGP-
103a SC-1* SC-31* SC-5* 
Unit   Unit 4 Unit 5 Unit 5 High-K2O Encalves 
SiO2 Wt.% 74.28 53 51.76 67.5 68.06 66.7 
TiO2 Wt.% 0.29 0.92 0.93 0.71 0.71 0.72 
Al2O3 Wt.% 13.41 15.9 16.52 14.63 14.43 14.52 
Fe2O3* Wt.% 1.06 10.2 10.95 4.9 4.49 5.47 
MnO Wt.% 0.05 0.45 0.17 0.16 0.18 0.17 
MgO Wt.% 0.24 5.85 5.76 1 0.95 1.29 
CaO Wt.% 2.13 8.7 8.9 2.78 2.67 2.66 
Na2O Wt.% 5.48 3.89 3.54 4.23 4.18 4.16 
K2O Wt.% 0.32 0.85 0.77 2.61 2.75 2.47 
P2O5 Wt.% 0.02 0.081 0.09 0.17 0.19 0.15 
Total Wt.% 97.28 99.841 99.39 99.78 99.93 99.75 
Rb ppm 8 10 29 88 81 129 
Sr ppm 169 186 284 180 265 211 
Ba ppm 96 120 105 482 522 445 
Y ppm 69 15 24 85 57 62 
Zr ppm 391 52 45 223 241 231 
V ppm 11 197 275 34 35 34 
Ni ppm 2 58 22 5 4 2 
Nb ppm 14.3 3 1 19.2 9.9 11 
Ga ppm 18.9 14 18 20 18.4 19.9 
Zn ppm 33 125 84 112 93 121 
U ppm n/d n/d n/d 2.5 2 2.2 
Th ppm 12 2 1 5.6 7.1 8.6 
La ppm 11 5 12.2 n.a. n.a. n.a. 
Ce ppm 16 17 7.1 n.a. n.a. n.a. 
Pb ppm 6 6 4 n.a. n.a. n.a. 
Cr ppm 90 44 41 n.a. n.a. n.a. 
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Table 4.2: Continued.           
Sample   CKGP-mnkx(1a) 
CKGP-
mnkx(3) SC-3II* SC-4* 
SC-
17A* 
CKGP-
mnkx(7) 
Unit   High-K2O Encalves Low-K2O Encalves 
SiO2 Wt.% 66.45 67.9 69.55 69.36 69.37 68.93 
TiO2 Wt.% 0.74 0.7 0.75 0.57 0.7 0.68 
Al2O3 Wt.% 14.6 14.6 14.3 14.47 14.74 14.45 
Fe2O3* Wt.% 4.78 4.81 4.03 3.52 1.55 3.18 
MnO Wt.% 0.22 0.2 0.16 0.11 0.08 0.12 
MgO Wt.% 1.14 1.26 0.57 0.74 0.57 0.66 
CaO Wt.% 2.49 2.59 3 2.63 2.91 2.7 
Na2O Wt.% 4.5 4.13 5.72 5.66 7.94 7.33 
K2O Wt.% 3.15 2.84 0.51 0.73 0.16 0.82 
P2O5 Wt.% 0.09 0.12 0.17 0.1 0.19 0.2 
Total Wt.% 99.66 100.05 100.01 98.84 100.34 99.87 
Rb ppm 93 102 12 23 6 11 
Sr ppm 215 203 281 238 123 225 
Ba ppm 489 473 216 234 51 190 
Y ppm 68 73 59 80 66 74 
Zr ppm 225 271 269 202 237 222 
V ppm 33 41 37 24 26 31 
Ni ppm 6 3 1 2 n/d 1 
Nb ppm 14 16 10.6 16.5 11.3 12 
Ga ppm 17 18 19.7 20.4 17.5 19 
Zn ppm 101 114 58 56 177 68 
U ppm 3 3 2.5 2.4 1.9 2 
Th ppm 6.4 5.6 8.1 5.7 3.7 4.9 
La ppm 22 18 n.a. n.a. n.a. 32 
Ce ppm 73 69 n.a. n.a. n.a. 84 
Pb ppm 9 8 n.a. n.a. n.a. 5 
Cr ppm 60 58 n.a. n.a. n.a. 65 
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Table 4.3: Whole rock isotopic data. 
      
Sample CKGP-07B 
CKGP-
18B CKGP-30 CKGP-60 CKGP-93 CKGP-114 
Unit Ddh (1) Dov Dov Dgr (4) Dgm (3) Dgnv (4) 
143Nd/144Nd 0.512651 0.513146 0.512303 0.512329 0.51259 0.512355 
% SE 0.0007 0.0011 0.0006 0.001 0.0009 0.0008 
2-sigma s.e. 0.000008 0.000012 0.000006 0.00001 0.00001 0.000008 
147Sm/144Nd 0.1491 ± 0.0006 
0.2347 ± 
0.0010 
0.1550 ± 
0.0007 
0.1406 ± 
0.0006 
0.1317 ± 
0.0006 
0.1460 ± 
0.0006 
Nd, ppm 27.36 ± 0.07 
7.74 ± 
0.02 
9.01 ± 
0.02 
14.19 ± 
0.03 
19.80 ± 
0.05 
23.22 ± 
0.06 
Sm, ppm 6.75 ± 0.018 
3.01 ± 
0.008 
2.31 ± 
0.006 
3.30 ± 
0.009 
4.31 ± 
0.011 
5.61 ± 
0.015 
Epsilon Nd 0.25 ± 0.07 
9.91 ± 
0.11 
-6.54 ± 
0.06 
-6.03 ± 
0.10 
-0.93 ± 
0.09 
-5.53 ± 
0.08 
T, DM 933 695 1915 1484 850 1543 
87Sr/86Sr 0.705322 0.707455 0.715669 0.737738 0.725376 0.71247 
% S.E. 0.0006 0.0007 0.001 0.0007 0.0007 0.0008 
2-sigma s.e. 8.46386E-06 0.00001 0.000014 0.00001 0.00001 0.000011 
Sr, ppm 282.2 134.7 119.2 58.6 83.58 177.4 
Rb, ppm 24 23.22 58.46 217.8 131.6 41.87 
87Rb/86Sr 0.24597 0.49862 1.4201 10.784 4.5641 0.68312 
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Table 4.3: Continued. 
  
      
Sample CKGP-153 CKGP-172 
CKGP-
188B CKGP-196 CKGP-198 CKGP-201 
Unit Dgr (4) Dgr (4) Dge (4) Dgm (3) Dgm (3) Dgp (2) 
143Nd/144Nd 0.512623 0.512634 0.512653 0.512699 0.512605 0.512623 
% SE 0.0007 0.0009 0.0006 0.0005 0.0006 0.0007 
2-sigma s.e. 0.000008 0.00001 0.000006 0.000006 0.000006 0.000008 
147Sm/144Nd 0.1388 ± 0.0007 
0.1456 ± 
0.0006 
0.1304 ± 
0.0006 
0.1707 ± 
0.0008 
0.1395 ± 
0.0006 
0.1533 ± 
0.0007 
Nd, ppm 34.26 ± 0.11 
17.71 ± 
0.04 
50.54 ± 
0.14 
18.42 ± 
0.05 
43.71 ± 
0.11 
8.21 ± 
0.02 
Sm, ppm 7.87 ± 0.020 
4.27 ± 
0.012 
10.90 ± 
0.028 
5.20 ± 
0.016 
10.08 ± 
0.025 
2.08 ± 
0.006 
Epsilon Nd -0.28 ± 0.07 
-0.09 ± 
0.09 
0.30 ± 
0.06 
1.18 ± 
0.05 
-0.64 ± 
0.06 
-0.29 ± 
0.07 
T, DM 863 924 726 1217 906 1063 
87Sr/86Sr 0.724441 0.741562 0.722613 0.71725 0.731987 0.707181 
% S.E. 0.0007 0.0006 0.0006 0.0005 0.0005 0.0007 
2-sigma s.e. 0.00001 0.000009 0.000009 0.000007 0.000007 0.00001 
Sr, ppm 81.56 45.07 65.8 94.38 66.18 187.8 
Rb, ppm 171.4 92.34 78.52 146.7 427.5 30.26 
87Rb/86Sr 6.0919 5.9478 3.4579 4.5009 18.735 0.46612 
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Table 4.4: OH- Concentration Data (ppm) for Selected Samples of Diorite and Granite 
(Continued on next page). 
CKGP04a  CKGP07b CKGP41 
  Unit (1) diorite Unit (1) diorite Unit (1) diorite 
analysis 
point 
feldspar 
(host) 
melt 
inclusion 
feldspar 
(host) 
MI - 
feldspar 
feldspar 
(host) 
MI - 
feldspar 
1 106.1 42.5 96.5 859.3 142.4 1968.8 
2 72.4 221.9 102.2 698.8 119.5 1350.3 
3 95.8 174.7 94.3 840.4 419.1 1336.1 
4 142.8 198.3 98.7 557.1 130.9 1624.1 
5 181.5 132.2 104.4 486.3 269.3 1449.4 
6 175.1 108.6 111 892.3 280.7 1676.1 
7 88.2 50.3 94.1 656.3 383.5 1666.6 
8 71.2 68.7 102.5 1487.2 244.5 1659.5 
9 114.5 166.3 98.2 953.7 156.8 1410.5 
10 89.3 174 107.6 602.3 149.2 1480.1 
11 104.3 202.1 90.2 814.6 318.3 1536.8 
12 148.3 190.6 88.7 1030.6 208.1 1562.8 
13 186.3 167.2 96.3 910.4 261.6 1671.3 
14 148.3 87.3 94.2 774.9 187.7 1652.5 
15 88.2 212 93.8 688.8 234.7 1593.2 
16 114.3 127.3 96.3 1354.3 153 1558 
17 98.6 136.3 89.4 830.1 112.2 1392.8 
18 103.5 215.3 100.2 718.5 186.5 1445.7 
19 184.6 109.9 90.9 498.7 242.8 1953.9 
20 77.4 143.6 89.9 830.3 329.7 1646.6 
average 119.5 146.4 97 824.2 226.5 1581.8 
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Table 4.4: Continued.         
CKGP10 CKGP29 CKGP102 
  Unit (3) granite - Northeast 
Unit (3) granite - North 
central 
Unit (3) granite - South 
central 
analysis 
point 
feldspar 
(host) 
MI - 
feldspar 
feldspar 
(host) 
MI - 
feldspar 
feldspar 
(host) 
MI - 
feldspar 
1 152.8 807.3 1017.7 368.3 652.8 221.9 
2 643.8 278.6 602.2 250.2 630.3 198.3 
3 637.5 240.8 494.8 382.4 625.5 245.5 
4 363.6 1477.8 1303.7 325.8 701.3 321.1 
5 805.2 377.7 810 273.8 710.5 170 
6 209.7 2252.1 548.5 302.2 789 141.6 
7 176.1 1067 899.3 1067 624.3 476.9 
8 638 543 756.3 538.2 604.3 458 
9 183.2 259.7 953 321.1 588.5 632.7 
10 509.6 859.3 1160.7 325.8 605.7 443.8 
11 234.8 927.7 953 368.3 641.5 210.1 
12 300.9 1314.9 1056.8 864 608.9 221.9 
13 196.9 1659.5 1030.9 3942.3 663.4 283.3 
14 338.2 937.2 854.6 486.3 705.9 245.5 
15 623.6 1246.4 723.9 429.6 704.7 155.8 
16 590.1 592.5 548.5 358.8 664.1 467.4 
17 537.2 722.4 956.7 193.6 637.5 545.3 
18 142.5 672.8 863.5 566.6 620.9 538.2 
19 311.2 1454.4 789.3 897.1 691.3 327 
20 423.8 878.3 770 868.7 588.7 315.4 
average 400.9 928.5 854.7 656.5 653 331 
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Figure 4.1: Generalized geologic and tectonic framework map of Maine, 
modified from Tucker and others (2001). The focus for this work is the 
Gouldsboro Peninsula in eastern coastal Maine (red box labeled “study 
area”). The Gouldsboro pluton is within the larger coastal Maine magmatic 
province (CMMP after Hogan and Sinha, 1989), east of the Sennebec Pond 
fault zone, and intrudes peri-Gondwanan crust accreted onto the margin of 
Laurentia during the Acadian orogeny. 
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Figure 4.2: Generalized tectonic model for the Acadian orogeny at the 
latitude of the Gouldsboro pluton modified after the work of Bradley, 1983; 
Bradley et al., 1996; Bradley et al, 1998; Tucker et al., 2001; Moench and 
Aleinikoff, 2003; West et al., 2007. Step 1: West-dipping subduction of 
oceanic crust under the eastern margin of Laurentia. Step 2: Conversion to a 
Molluca Sea-type model of double-polarity subduction (Bradley, 1983) that 
helps to set-up westward thrusting of previously accreted peri-Gondwanan 
crust (Ganderian) by newly accreted peri-Gondwanan crust (Avalonian). 
Step 3: Intra-thrusting and under-thrusting of a pre-existing volcanic arc on 
Avalonian crust over Ganderian crustal materials. Step 4: Progressive lower 
crustal instability due to progressive thrusting leads to delamination, 
intensification of aesthenosheric upwelling and mantle metasomatism, and 
partial melting of both Ganderian and Avalonian middle and upper crustal 
materials. Repeated episodes of partial melting, storage, modification, and 
remobilization of magmas produce geochemical and isotopic heterogeneity in 
both mafic and felsic magmas available for emplacement as plutons in the 
middle and upper crust at the tectonic interface. 
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Figure 4.3: (continued from previous page): Generalized geologic map of the 
Gouldsboro pluton on the Schoodic Peninsula.  The pluton is essentially 
preserved in a cross-sectional view from north to south.  Exposures of mafic 
units dominate in the northeastern part of the Schoodic Peninsula, closest to 
the locus of injection into the pluton, unit (5).  The most felsic, hypabyssal 
granites are exposed in the southwest.  The most dynamic evidence for 
bimodality during pluton construction is exposed in unit (1) and unit (2a,b), 
while the most evolved granites are in the southwest, unit (4). The Flander’s 
Bay greenstone and the Bar Harbor Formation (DSbh) are the host units for 
the pluton. Divisions within units (2), (3), and (4) are based on macroscopic 
lithologic variation observed in the field. Unit (2a) preserves a higher 
concentration of mafic pillows as compared with unit (2b). Unit (3a) is 
generally more coarse-grained and has a higher overall hornblende content 
than unit (3b). Unit (4a) preserves only rare felsic enclaves or country rock 
xenoliths while unit (4b) has locally high concentrations of fine grained felsic 
enclaves as well as blocks of meta-sedimentary and meta-volcanic host rock. 
Detailed descriptions of the intra-plutonic stratigraphy of the Gouldsboro 
pluton are in section 4.4 and table 4.1. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4: Field photo with camera lens cap for scale of coarse-grained, 
texturally and compositionally heterogeneous hybrid diorite, unit (1), 
exposed near the main locus of magma injections in the pluton.  Thermal 
influences of repeated mafic and felsic injections assisted localized mixing to 
produce hybrids near the base of the pluton. 
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Figure 4.5: Field photo with hammer for scale of basaltic pillows hosted by 
medium grained pink Gouldsboro granite, unit (2a) exposed along the 
northeast coast of the Schoodic Peninsula.  Near synchronous injections of 
mafic and felsic magma during pluton construction are commonly 
manifested in mechanical mingling with the pluton. 
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Figure 4.6: Field photo with pencil for scale of mechanical diorite and aplitic 
granite hybrid from unit (1). 
 
 
 
 
 
 
 
 
 
 
Figure 4.7: Photomicrograph in cross polarized light of plagioclase + 
amphibole + clinopyroxene diorite from unit (1). 
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Figure 4.8: A) Field photo with hammer for scale (skiff in background at 
water’s edge) of zone of mafic pillows hosted by medium grained Gouldsboro 
granite on the northeast coast of the Schoodic Peninsula, unit (2a). Pillows 
are typically elongate parallel to the margins of the zone which strikes north-
south and dips gently south. B) South-dipping basaltic sheets hosted by 
homogeneous medium-grained, K-feldspar rich granite from unit (2a). 
A 
B 
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Figure 4.9: A) Aplitic granite pipe-like vertical conduit intruding plagioclase 
xenocryst-rich contaminated basalt with Sharpie marker for scale. B) 
Subvertical felsic pipe intruding an ~2 meter thick basaltic. 
 
A B
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Figure 4.10: A) Field photo with Sharpie marker for scale of scalloped 
margin on a mafic pillow - mafic sheet injection zone from the northeast 
coast of the Schoodic Peninsula, unit (2a). B) Field photo with Sharpie 
marker for scale of a protruding finger of a ~1 meter diameter basaltic pillow 
containing alkali feldspar xenocrysts hosted by locally hornblende-rich 
Gouldsboro granite, unit (2a). 
A 
A
B 
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Figure 4.11: Field photo with Sally the Labrador for scale of sub-angular 
basaltic pillows hosted by medium grained Gouldsboro granite on the 
eastern coastline of the Schoodic Peninsula, unit (2a). 
 
 
 
 
 
 
 
 
 
Figure 4.12: Field photo with hammer for scale of a mechanical intra-
plutonic breccia zone intruded by a low-angle basaltic sheet with scalloped 
margins, unit (2a). 
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Figure 4.13: A) Field photo with lens cap for scale of homogeneous 
Gouldsboro granite from unit (3). B) Schlieren structure indicative of 
localized magmatic flow in unit (3) granites adjacent to a small later felsic 
magma injection. 
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Figure 4.14: Photomicrograph taken in cross polarized light of graphic 
texture and optically continuous quartz and alkali feldspar symplektites in 
granites from unit (3). 
 
 
 
 
 
 
 
 
 
 
Figure 4.15: Field photo with Sharpie marker for scale of homogeneous, 
bright pink, miarolitic cavity-rich Gouldsboro granite, unit (4a). 
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Figure 4.16: Photomicrograph in cross polarized light of olivine-rich gabbro 
from unit (5). 
 
 
 
 
 
 
 
 
 
Figure 4.17: Photomicrograph in plane polarized light of oxide symplektites 
hosted by mats of clinopyroxene and plagioclase between larger, high-relief 
olivine crystals, unit (5). 
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Figure 4.18: Field photo with Sharpie marker for scale of gradational 
layering, from plagioclase xenocryst-rich basalt to vesicle-rich rhyolite, 
within a composite dike hosted by fine to medium grained granite on the 
southeastern coast of the Schoodic Peninsula, unit (4b). 
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Figure 4.19: Equal area net stereogram with plot of poles to planar foliation 
features in diorites from unit (1), blue great circle girdle, that do not preserve 
the same overall orientation as is defined by basaltic sheets or pillowing zones 
within unit (2), green great circle girdle. This trend suggests there is a 
difference in both the emplacement style and generation history of these two 
portions of the plutonic stratigraphy 
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Figure 4.20: Field photo with hammer for scale of angular, centimeter- to 
meter-scale xenoliths of Bar Harbor Formation layered meta-sedimentary 
rock hosted by fine grained granite from unit (4a). 
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Figure 4.21: A) Field photo with Sharpie marker for scale of ~5 meter 
diameter xenoliths of pebble-cobble conglomerate interpreted to be a wall-
rock block from the Turtle Island member of the Bar Harbor Formation 
(Metzger, 1979; Gates, 1989). Xenoliths are both hosted by fine grained 
Gouldsboro granite from the southwestern promontory of the Schoodic 
Peninsula, unit (4). B).Field photo with camera lens cap for scale of 
homogeneous rhyolite xenolith with a strong compaction foliation.  
A
B 
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Figure 4.22: Granite classification plot after Shand (1943). Gouldsboro 
granites are dominantly of a peraluminous composition, but plot on the line 
between peraluminous and metaluminous with increasing mafic magma 
interaction. 
 
161 
 
 
 
 
 
Figure 4.23: Bivariant element plots of selected major element data from 
whole rock geochemical samples of the Gouldsboro pluton. A) Clear 
separation between samples from the granitic portion of the pluton and 
diorites and gabbros exposed near the base of the system. Granite outliers 
from unit (3) are near located within ~10 meters of discrete, late mafic 
injections. B, C, D, E) Granites are clearly separated from diorites and 
gabbros. Additionally, both high- and low-K felsic enclaves plot in a separate 
cluster between granites and more mafic portions of the pluton. F) Spread in 
K and Na transcend the unit stratigraphy such that a range of K and Na are 
present within each granitic unit.  Low-K enclaves plot similarly to granites 
from unit (2) that have been effected by basaltic magma injections. Diorites 
and gabbros plot in a completely independent field from granitic rocks. 
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Figure 4.24: Bivariant element plots of select rare earth and trace elements 
plotted against SiO2. Diorites and gabbros plot independently from granites, 
but do show some overlap with granites from unit (3) that have interacted 
with late mafic injections. Plots of Y, Sr, Rb and Ba clearly distinguish felsic 
enclaves from granites. 
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Figure 4.25: Bi-variant and multi-variant element plots of selected major 
element data from whole rock geochemical samples of the Gouldsboro 
pluton. A) Weak positive correlation of K and Rb that transcends pluton 
stratigraphy, except unit (3), suggesting a degree of independent evolution of 
granitic layers within the pluton stratigraphy.  Samples of unit (3) that are 
low K are interpreted to be related to the proximity of these samples to 
discrete late intermediate magma pulses. B) Negative trend of Fe normalized 
to Fe+Mg vs. Al2O3. Samples are bracketed by granites that outcrop near the 
roof of the system and diorites near the base of the system.  Note the spread 
in granite samples from unit (2) where extensive mechanical mingling of 
mafic and felsic magmas is recorded. C) and D) Plots of only granitic 
samples.  Note the bimodal distribution of samples from unit (2) related to 
concentration of mafic pillows hosted by the granite as well as the relative 
position of felsic enclaves to the least calcic granites from unit (3). E) Least Ti 
enriched samples are those that crop out in the center and top of the pluton.  
Note position of felsic enclaves plotting on top of unit (2) granites that host 
the highest concentrations of basaltic pillows. F) Trend of decreasing Fe, Mg, 
and Ti relative to Al for diorites and gabbros (base of the pluton) to granite 
and granitic enclaves (middle and top of the pluton). 
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Figure 4.26: Chondrite normalized (Sun and McDonough, 1989) selected 
trace element plots for granitic and dioritic units within the Gouldsboro 
pluton.  Diorites and granites are all relatively Th enriched while only unit 
(1) diorites are characterized by a relative Nb depletion.  Variability in K and 
Sr in unit (2) granites are attributed to influences of mafic magma pulses.  
Patterns of unit (3) and unit (4) granites (especially negative Sr and Ti 
anomalies) are quite similar.  Deviations from this pattern in three samples 
from unit (3) granites are interpreted to be influences of late felsic injections 
near to where these samples were collected. 
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Figure 4.27: Bulk upper crust normalized (Taylor and McLennan, 1981) 
selected trace element plots for granitic, dioritic, and gabbroic units within 
the Gouldsboro pluton.  Diorites and granites are all relatively Th enriched 
while only unit (1) diorites are characterized by a relative Nb depletion.  
Gabbros broadly match patterns in diorites except for distinct negative Ce 
and Zr anomalies. Similarites of some unit (2) samples and felsic enclaves are 
present for Rb to K, but are not reflected in the Nb to Y. Variability in unit 
(2) granites is attributed to localized magma mixing due to mafic pulses.  The 
generally flat patterns of unit (3) and unit (4) granites and negative Sr 
anomaly suggest similar environments during crystallization. 
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Figure 4.28:  A) Plot of εNd vs. SiO2 for unit (4) granites and felsic enclaves. 
Enclaves plot independently of granitic units as do samples of diorites and 
gabbros from units (1) and (5). B) Plot of εNd vs. 147Sm/144Nd for granites and 
felsic enclaves illustrating the overall scatter within geochemically and 
texturally homogeneous granites of unit (3) and (4). Data is from this study as 
well as from Waight et al., 2007. 
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Figure 4.29: εNd plotted against age relative to CHUR (chondritic uniform 
reservoir) after Dorais and Paige (2000).  Samples from the Gouldsboro pluton 
straddle the CHUR boundary that essentially separates a dominantly Avalonian 
signature from a Ganderian signature suggesting that felsic magma inputs in the 
Gouldsboro pluton might be sampling multiple peri-Gondwanan terranes.  Other 
regional plutonic and volcanic rocks are plotted for comparison: Pleasant Bay 
(Waight et al., 2001), Mooselookmeguntic, Redington, and Lexington (Tomascak et 
al., 2005), Phillips (Pressley and Brown, 1999), Spring Hill (West et al., 2004), 
Lincoln (West et al., 2007) 
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Figure 4.30: A) EPMA element maps of Na and Ca of gabbros from the site 
interpreted to represent the last major magma injection into the Gouldsboro 
magma chamber.  Element maps highlight the relative compositional 
uniformity of hypidiomorphic orthopyroxene, which forms the groundmass.  
Dark crystals are Na-feldspar crystals. Red-purple are hornblende crystals.  
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Figure 4.30 (continued): B) Photomicrograph in cross polarized light of 
clinopyroxene nucleating on a heavily fractured olivine crystal, lower left. 
Orthopyroxene is along the outside of the clinopyroxene with a complex, 
lobate grain boundary. 
B 
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Figure 4.31: A) Photomicrograph in cross polarized light of euhedral to 
subhedral plagioclase grains with clear pericline twinning.  
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Figure 4.32: A) Photomicrograph in cross polarized light of biotite replacing 
hypidiomorphic amphibole that is overtaking and including plagioclase 
grains with simple twinning. B) Photomicrograph of fine grained fibrous 
actinolite replacing hornblende in an intermediate composition matrix 
hosting plagioclase phenocrysts. 
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Figure 4.33: A) Photomicrograph in cross polarized light of granophyric 
textures outside of feldspar-actinolite-biotite dendrites. B) EPMA element 
maps of Na and Ca of a subhedral ternary feldspar crystal that is both sector 
and concentrically zoned.  Sector zoning is crystallographic and concentric 
zoning is reflected in maps and plot of alkali content.  
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Figure 4.33 (continued): C) Full thin section K element map of alkali feldspar and 
quartz as dominant components of the matrix.  Rounded quartz and subhedral 
sodic feldspar phenocrysts are the largest crystals in the field of view.  Inset is 
photomicrograph of “wormy” symplektites that are characteristic of granites in the 
center and top of the pluton. 
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Figure 4.34: A) Photomicrograph in cross polarized light of zoning in 
plagioclase feldspar phenocrysts. B) Photomicrograph in plane polarized 
light of 2 separate generations of biotite. The earlier generation is more Mg-
rich while the later generation is more Fe-rich and is typically associated 
with subhedral oxides. 
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Figure 4.35: Photomicrograph in plane light of devitrified melt inclusions hosted by 
quartz in a sample of granite from unit (4). Note the small quartz vein that cuts into 
the upper most melt inclusion and the delicate radiating fractures in the host crystal 
at the margins of the lower melt inclusion that are likely related to the expansion of 
the inclusion as it crystallized. 
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Figure 4.36: A) Plot of relative water concentration between melt inclusions 
and host feldspar crystals fro representative samples from all levels of the 
pluton stratigraphy.  Plotted positions for OH- concentration are averages of 
20 analyses for each sample. Boxes delineate the range of values between 
melt inclusions and host feldspar crystals. B) Oscillatory trend of OH- 
content for melt inclusions from diorites (north) to granites (south). 
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Figure 4.37: Relative water concentration of glassy melt inclusions plotted 
for plutonic units orgranized in terms of general stratigraphic position. 
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Figure 4.38: FTIR relative OH concentration map and video image of a 
glassy melt inclusion. Starred locations are analysis points associated with 
graphs of wavenumber vs. absorbance. OH concentration is highest in the 
core region and decreases toward the margin of the melt inclusion. 
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Figure 4.39:  FTIR relative OH concentration map and video image of a 
devitrified melt inclusion. Starred locations are analysis points associated 
with graphs of wavenumber vs. absorbance. Relative OH concentration is 
elevated at the melt inclusion – host crystal interface.  
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Figure 4.40: FTIR relative OH concentration map and video image of a 
graphic texture in a alkali feldspar + quartz grain. Starred locations are 
analysis points associated with graphs of wavenumber vs. absorbance. 
Boundaries between feldspar and quartz intergrowths have the highest 
relative OH content in the sample. 
 
181 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.41: Field photo with mechanical pencil for scale of sub-angular 
meta-volcanic rock xenoliths, likely related to meta- basaltic andesites of the 
Flanders Bay greenstone, hosted by hybrid diorite, unit (1). 
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Figure 4.42: Model for localized formation of intra-plutonic “breccias” zones based 
on concepts from Fernandez and others (1997). A) Initial sheet-like injection of 
basaltic magma into a crystal-rich granitic magma. B) Progressive dismemberment 
of granitic magma samples by the mafic sheet and diffusive interaction between 
mafic and felsic magmas. C) Continued diffusive interaction begins to generate 
chemical hybrids. D) Subsequent low-angle injection of mafic magma initiates the 
process of mechanical and chemical mingling again. 
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Figure 4.43: Field photo of very fine grained to aphanitic intermediate 
pillow-shaped enclave (~1.5 m diameter) hosted by miarolitic cavity rich 
Gouldsboro granite on the eastern shore of the Schoodic Peninsula, unit (4b). 
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Figure 4.44 (from previous page): Highly schematic cross-sectional 
representation of the construction history of the Gouldsboro pluton. Red-
orange gradations are granitic sheets, dark brown are mafic inputs, stippled 
pattern represents hybrid diorites and gabbros, blue is the Bar Harbor 
Formation, green is the Flanders Bay Greenstone, hatching at depth 
represents heterogenous plutonic and tectonized supercrustal materials. A) 
Initial mafic injection. B) Beginning of felsic magmatism that infiltrates and 
modifies the initial mafic sill. C) Major input of felsic magma that forms an 
overlapping sheet above the original mafic sill. Continued, near synchronous, 
repeated small injections of mafic and felsic magma add heat and material to 
the system.  Initial generation of hybrid diorites north of the main locus of 
injections as well as more mechanical wall rock interaction. D) Additional 
inputs of dominantly felsic magma to create a second on-lapping granitic 
sheet over previous layers of the igneous stratigraphy. E) Vertically 
exaggerated cartoon of a modern cross-sectional view of the Gouldsboro 
pluton along a north-south line drawn in the center of the Schoodic 
Peninsula. 
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CHAPTER 5 
CONCLUSIONS 
 
5.1 Conclusions 
 The interaction of mafic and felsic magmas has been documented by many 
workers (e.g. Holmes, 1931; Wager and Bailey, 1953; Chapman, 1962; Sparks and 
Sigurdsson, 1977; Sparks and Marshall, 1986; Huppert and Sparks, 1988; Seaman and 
Ramsey, 1992; Wiebe, 1993 and 1994; Janousek et al., 2004; Harper et al; 2005) as a 
critical process in the generation of continental crust. Nevertheless, fundamental 
questions remain unanswered about crustal heterogeneity in the deep and shallow crust. 
One of the overarching goals of this work has been to look at the record of mafic-felsic 
magma mingling in the very deep and very shallow crust and attempt to rationalize the 
similarities and differences in the scales and modes of magma interaction. 
 Evidence for mafic-felsic magma mingling has been identified by many different 
techniques. These include: 1) macroscopic structures such as dikes, composite magma 
conduits, and pillowing and enclave zones that can be recognized in the field and are 
indicative of mixing and mingling, 2) microstructures such as sector zoning, symplektites 
and overgrowths of compositionally distinct crystalline phases are suggestive of chemical 
and thermal variation during crystallization, 3) major and trace element geochemistry can 
be used to indicate localized hybridization or mechanical interaction between 
rheologically and chemically distinct magmas, and 4) isotopic signatures can be used to 
identify mixing of magmas derived from unique protoliths at various crustal levels. 
Bimodal magmatism is recognized as an important aspect of the evolution of many 
plutons. However, the role of mafic magmas in the construction of magma chambers, 
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especially in the shallow crust, is incompletely understood. Additionally, unanswered 
questions remain about the thermal, structural and compositional influences of discrete, 
volumetrically small, injections of both mafic and felsic magmas into evolving magma 
chambers. 
 Chapters 2 and 3 described the thermal and chemical influence of mafic 
magmatism on fertile rocks in the deep crust is also an important aspect of the generation 
of continental crust. Mafic magmas can provide a source of heat for the elevation of 
ambient temperatures in the deep crust. Elevated temperatures can lead to partial melting 
of fertile rocks in the deep crust. The influence of heat derived from mafic magmas is 
critical to generating partial melt in the deep crust. However, the potential for the addition 
of volatiles into the deep crust from dehydration of micas or amphiboles during regional 
heating can provide a critical influence for the rate and degree of partial melting. The 
insulating nature of the deep crust allows for resident temperatures to remain elevated for 
prolonged periods. The ability to increase the concentration of volatiles in the deep crust 
may be a critical aspect of melt generation and crustal rheology deep in the Earth and the 
longevity and potential eruptivity in the shallow crust. 
 The mechanical interaction of mafic and felsic magmas in the deep crust is 
capable of producing similar structures as bimodal magmatism in shallow crustal settings 
such as mafic pillows in granitic magma, localized zones of magma mixing to develop 
compositional hybrids, and magmatic schlieren related to the flow and simultaneous 
dismemberment of magmatic enclaves described in chapter 4.  The generation of felsic 
partial melts can have a major rheological influence on the throughput of magmas to 
shallower crustal levels. The presence of rocks in the deep crust with an elevated partial 
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melt content can also directly contribute to the potential for contamination of mafic 
magmas relatively soon after extraction from the mantle. 
 The feedbacks between the contribution of heat and material associated with the 
intrusion of mafic magmas into felsic magmas or felsic partial melt rich zones are quite 
similar irrespective of the crustal level. Evidence from the interaction of partial melt-rich 
Fehr granite migmatites and mafic magmas associated with the Chipman dike swarm 
suggests that the heat from mafic magmatism drove melting of fertile granitoids, which in 
turn led to more extensive mechanical mingling and chemical contamination of felsic and 
mafic magmas. In the shallow crust, mafic injections into a dominantly felsic magma 
chamber led to localized mixing to create hybrid rocks where heat and volatile conditions 
were appropriate. In other areas, mechanical influences of mafic magmatism physically 
disrupted the igneous stratigraphy and led to mechanical hybrids. Though temperatures, 
pressures, and volatile conditions are quite different between the ~40 km depths 
associated with the Fehr granite and <4 km depths associated with the Gouldsboro 
pluton, the generation of localized mixing zones, rheological contrasts between magmas 
that lead to the formation of pillows and enclaves, and thermal and rheological conditions 
such as the amount of crystals in a magma or the concentration of partial melt in a 
migmatite can significantly influence the throughput of mafic dikes. 
 Evidence from work in the Fehr granite suggests that heat and volatiles associated 
with mafic magmatism can help to generate felsic partial melts from fertile rocks (Fig. 
5.1). These partial melts can then cause a rheological barrier for the efficient cross-
cutting of mafic dikes as well as the potential for chemical contamination of mafic 
magmas soon after exiting the mantle. Signatures of contamination of these mafic dikes 
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are likely to be carried to middle or shallow crustal levels (Fig. 5.1). Additionally, 
generation of felsic partial melts in the deep crust may be controlled by the 
concentrations of volatiles as opposed to temperature. 
 Mafic-felsic magma interaction is also an important aspect of plutonism in the 
shallow crust. Evidence from the Gouldsboro pluton indicates that mafic magmatism may 
be more efficient at inheriting structural heterogenaties in the shallow crust than viscous 
felsic magmas. It is possible that mafic magmatism might help to make space for the 
initial phases of pluton construction in the shallow crust. Major element and trace 
element geochemistry are useful for identifying evidence of mafic-felsic magma mingling 
and localized mixing and can be combined with isotopic studies to recognize evidence for 
mixing of unique felsic magmas and mafic-felsic magma mixing at depths below the 
level of emplacement (Fig. 5.1). Mafic magma injections into evolving plutons can also 
disrupt plutonic stratigraphy and add heat and volatiles that can assist in generating local 
hybrids in plutonic systems that are not geometrically appropriate for large-scale 
convective mixing. 
 The major results of these research efforts have been to identify many 
geochemical and textural similarities between mafic-felsic magma mingling in the deep 
and shallow crust. The recognition of the potential for contamination of mafic magmas 
soon after leaving the mantle is important because it suggests that mafic dikes can be 
contaminated in the deep crust without the need for intermediate storage in mid-crustal 
reservoirs. This work suggests that the effects of mafic-felsic magma interaction at deep 
and shallow crustal levels can be significant in terms of the construction, modification 
and composition of continental crust. 
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Figure 5.1: Summary model modified from Annen and others (2006). Evidence from 
work on the Fehr granite in northern Saskatchewan suggest that the generation of 
felsic magmas in deep crustal settings by the addition of heat and volatiles 
associated with mafic magmatism, anatexis of mafic and fertile granitoids, and 
devolitization of hydrous phases such as amphibole and biotite can lead to 
rheological weakening of the deep crust and contamination of mafic magmas soon 
after transiting the mantle-crust boundary. This work indicates an increased 
likelihood that mafic magmas can carry a signature of contamination to middle or 
shallow crustal levels. Evidence of isotopic heterogeneity in geochemically 
homogenous shallow crustal granites like the Gouldsboro pluton suggests that mafic 
and felsic magmas can carry source signatures well away from generation sites. 
Though mafic-felsic magma interaction is dominantly a mechanical process, 
similarities to macroscopic structures and microtextures to mafic-felsic mingling 
zones in the deep crust is striking. 
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